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BBenenue

Axm YAajlbHOCH1b 1H1E€Mbl uccnedoeanus

B nacrosmiee Bpemsi IpUOPUTETHBIMU 33Jja4aMy B HAYKE U IIPOMBILIEHHOCTH SIBJISIOTCS IOMCK
U TOIy4eHHEe  peHTa0eNbHBIX, pecypcod(PEeKTUBHBIX  (PYHKIHOHAIBHBIX  MaTepUaoB,
XapaKTepU3YIOIUXCS PA3IUYHbIMU TOJIE€3HBIMU (U3UKO-XUMHUECKUMH CBOWCTBaMH. BakHbIMU
OTIPENICNIAIONIMMH  TIapaMeTpaMi TakuxX (YHKIMOHAJIBHBIX MAaTEepHUaloB, B TIEPBYIO OdYEpe.b,
SBIISIIOTCSI XUMHYECKUH COCTaB M KpUCTaJUITMYecKast cTpykTypa. OcoOEHHOCTH KPHCTAILTMYECKON
CTPYKTYpPBI BIHSAIOT Ha XapakTep NPOSBICHUS YHUKAIBHBIX CBOWCTB, a TaK)Ke HaIpaBJICHUE
JaJIbHEHIIero NpakTHYeCKOro NpUMEHEeHHUS.

B koHTekcTe co3zmaHus M M3y4eHUs (DYHKIMOHAJIBHBIX MaTepHalioB, B IOCIEIHHE TOJIbl
HauOosee MOMYyJIpHOW M aKTyaldbHOW OO0JIACTBIO HAayYHbIX M3BICKAHUM SIBISIETCA H3y4eHHUE
MOBE/ICHHSI MAarHUTHBIX BEIECTB MPHU pa3indHbIX Temreparypax (Wang, Zhang, 1990; Nlebedim et
al., 2014; Nkurikiyimfura et al., 2020; Pierobon et al., 2021; Zhang et al., 2022). Oco6oe BHUMaHHUE
yIeNseTcss HU3KOpasMEepHbIM MAarHUTHBIM CHUCTEMaM, a Takxke o0jacTu (QpycTpUpOBaHHOTO
marnetu3ma (Katsumata, 1997; Ishii et al., 2010; Bacuise u ap., 2018; Vasiliev et al., 2019).
[upokuii MHTEpEC CBSA3aH C OCOOCHHOCTHIO MOBEAECHUS MArHUTHOIO MarepHaiia, oOyClIOBICHHON
CMEHOI Nopsiika MarHUTHBIX MOMEHTOB aTOMOB WJIM HOHOB B 3aBUCHUMOCTH OT Temmneparypsl. [Ipu
HU3KHUX TeMIlepaTypax pe3yJabTaTOM TaKOro H3MEHEHHs Marepuaja Ha KBAaHTOBOM YPOBHE
CTAaHOBUTCSA COCTOSIHHE C YacCTHUYHBIM WJIM TOJHBIM pa3pylIeHHWEM MAarHUTHOTO YHOPSJOYEHHUS
BCIIEZICTBUE CUJILHOTO BiusHUs Quiykryanuid (Wang, Zhang, 1990; Greedan, 2001; Balents, 2010;
Lacroix et al., 2011). K atomy Tuny oTHOcsATCS (ppycTpUpOBaHHbIE MArHETHKH — BEIECTBA, B
KOTOPBIX NMPH HU3KUX TeMIEepaTypax MarHUTHBIE CIIMHBI HE MOT'YT BBICTPOUTHCS YHOPSI0YEHHO 110
reOMETPUYECKUM MPHUYUHAM, CO3/1aBasi TeM caMbIM 3G GeKT cinHOBOM )ukocTH (Shores etal., 2005;
Zheng et al., 2005; Colman et al., 2011; Yoshida et al., 2013). HccrnemoBanue u TOHCK
NOTEHIMAJIBHBIX MaTEepPHaJIOB C pean3alieil KBAaHTOBOW CIIMHOBOM JKUAKOCTH SBISETCS OYEHb
Ba)XHOI 3a/1auell B MaTepUaIoBEACHNN, XUMHUU U (PU3UKE TBEPIOTO Tela.

B Hu3KOpa3mMepHOM MarHeTu3Me KBaHTOBbIE 3((eKThl Hambojee SPKO MPOSBISIOTCS B
cucTeMax, 00pa30BaHHBIX HOHAMH C HU3KUM 3HaueHHeM cnuHa. OcoOblil HHTEpeC uccienoBareneit
BBI3BIBAIOT COEMMHEHHs ¢ kKaTHoHamu Cu?* um V4. Do cBA3aHO ¢ HAGIIOIAEMBIMH MAarHUTHBIMH
SBJICHUSMH, BO3HMKAIOIIUMH H3-3a CJIOXHBIX CETOK CIHMH-’2 3THX HOHOB. TakUMM CTPYKTypamu
o61anaioT HekoTopsie Munepanbl CU?* u V4*. OnHako, u3ydeHne MarHUTHBIX CBOMCTB Ha IPUPOIHBIX
o0pa3uax He NpeACTaBiIsIeTCss BO3MOXKHBIM BBy HalnU4Ks mpuMeceil. HecMoTps Ha 310, MUHEpasbl
AKTUBHO HCIOJIB3YIOTCS B KAUECTBE MPOTOTUIIOB JIJIS IOJTYYEHHUSI HOBBIX CHHTETHYECKHX COCTUHEHUI

Y M3YYCHHS UX YHHKAIBHBIX (QYHKIIMOHAIBHBIX cBoicTB (Depmeier, 2009; Chapman et al., 1990).
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Bbonbiroe konuecTBO MUHEPAJIOB OKCOCOJIEH MEeIU U BaHAAMSI C UHTEPECHBIMU CTPYKTYPHBIMU
ApXUTEKTypaMH BCTpPEUYaeTCsl B MPUPOAHBIX YCIOBUSAX Ha (hymapoiax ¢ CHIBHO OKHCIUTEIBHON
cpenoii. CymiecTBEHHBIM pPa3HOOOPa3MEeM TaKUX MHHEpPAIOB XapaKTePH3YIOTCS (yMapoIibl
IIJIAKOBBIX KOHYcOB CeBepHOro mnpopsiBa bonbmioro tpemuHHOro Tol0aunHCKOTO HU3BEP:KEHUS
1975-1976 rr. (BTTU) (PemoroB u ap., 1984). MHorme M3 3TUX MHUHEPAJIOB OOpa3yrOTCS B
pe3yibTaTe HKCrasIMOHHBIX MPOIECCOB C y4acTHEM TPAHCIOPTa MPUPOAHBIX ra3oB (Bepracosa,
dunatos, 1993; Pekov et al., 2018d; IlexoB u ap., 2020). XapakTepruCcTUUIECKOH OCOOCHHOCTHIO
SKCTaTANMOHHBIX MHHEpAToB okcocoleli CuU?* spisercs Hamuype IOMOJHUTENBHBIX AaTOMOB
KHCIIOPOJIa, 06Pa3yIoImUX OKCOIEHTpHpoBaHHbIe TeTpadapsl [OCus]®* (Kpusosuues u mp., 1998;
Krivovichev, Filatov, 1999; Krivovichev et al., 2013). Kommuekcsr [OCus]®* wmoryr
MOJIMMEPHU30BaThCsl Yepe3 olmme pedpa W BEpIIMHBI B CTPYKTYpHBIE KOMIUIEKCHI Pa3MYHON
pPa3MEpPHOCTH B KPUCTAIUIMYECKHX CTPYKTypax OSKCTalSMOHHBIX MHHepasioB. Hamuume Takux
CTPYKTYPHBIX (parMeHTOB, 0Opa30BaHHBIX MarHUTHBIMU HoHaMu CUZ*, T03BOIISIET paccMaTpHBAaTh
¢dbymaposibHbIe MHUHEpasibl, KaK HCTOYHHUK OOBEKTOB MJISi TOMCKA IEPCIEKTUBHBIX MAarHUTHBIX
MaTepHasoB JUIs pa3TuuHbeX npuMeneHnid. Terpasap [OCu4]® mpencrasnser coboi mpocTeimmii
bpycTpupoBaHHBIN OJIOK, TaK KaK OH COACPKHUT YEThIPE CIIMHOBBIX TPEYrOJbHUKA C MOTEHI[HAIBHO
KOHKYPUPYIOIIMMH MarHUTHBIMH B3aUMOJICHCTBUSIMU. Ha cerogHsmHuii 1eHb, MHOTHE U3 aHAJIOTOB
OKCTASIIIMOHHBIX MUHEPAIOB MEIU C AOMOJHUTEIBHBIMU KHUCIOPOJaMHU OBUTH OXapaKTEePH30BaHBI
Kak QpyctpupoBannbie antudeppomarneruku (Pregelj et al., 2012; Rousochatzakis et al., 2015;
Constable et al., 2017; Inosov, 2018).

OHVMHI M3 TaKHX HOBBIX JKCTAIAMOHHBIX MHHEpANIoB okcocoieil CU?’ mepcreKTHBHBIX, ¢
TOYKH 3PEHHUS MarHeTU3Ma, SBIISIOTCS TPEACTABUTENN TPYIIBI OKCOBAHAIAT-XJIOPHIOB MEIH:
aeaunrpaaut  PbCus(V0s)2Clo  (Bepracoa wu  ap., 1990; Siidra, 2007), aBepbeBUT
Cus02(V0O4)2-nMClx (M=Cu, Cs, Rb, K) (Starova et al., 1997; KpuoBuues u np., 2015), komapcur
Cus02((As,V)04)CI (Vergasova et al., 1999; Starova et al., 1998), spomeckutr CugO2(V0O4)4Cl2
(Pekov et al., 2013d), aneyrur CusO2(AsO4)(VO4):(Cu,K,Pb,Rb,Cs)C1 (Siidra et al., 2019b) u
nokyuaeBut CugO2(V04)3Cls (Siidra et al., 2019c¢). Bee npencraBienHble MUHEPAIBI JAHHON TPYIIITBI
BIIEpBbIE OBLIM YCTAHOBJIEHBI B MpoayKTax (pymapon Broporo nutakoBoro konyca BTTH. Haubonee
SAPKUM TPUMEPOM-MHHEPAIOM, BBICTYMAOIIUMCS MPOTOTUIIOM I MaTE€pPHAIOB C YHUKATbHBIMU
(GYHKIIMOHATBHBIMA MarHUTHBIMH CBOMcTBamMH, siBisieTcs aBepbeBUT Cus02(VO04)2-NMClx (M=Cu,
Cs, Rb, K), obnapyxennsiii 6osee 20 et Hazan B Gpymapose «SmoBuras» Byikana Tonbaunk. B
pe3yNbTaTe MHOTUX aKTUBHBIX HAYYHBIX UCCIICIOBAHUI CHHTETUYECKHIE aHAJIOTH dTOT0 MUHEpalia ¢
pa3IMYHBIME KaTHOHAMH METAJUIOB OBLTH OXapaKTePU30BaHBI KaK CIUH-KHIKOCTHBIE CHUCTEMBI,
HaIlleANINEe MPUMEHEHHE B pa3pabaTbiBaeMbIX KBaHTOBBIX KommbioTepax (Fujihala et al., 2017;

Volkova et al., 2017; Badrtdinov et al., 2018; Botana et al., 2018; Dey, Botana 2020; Siidra et al.,
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2020; Biesner et al., 2022). /lannas paboTa MOCBSIIECHA CO3JaHUIO HOBBIX MHHEPAIOINOI00HBIX
COGI[I/IHCHI/II\/JI Ha OCHOBEC JKCTraJIsINUOHHBIX MI/IHepaHOB MEAU W BaHaaudA, a TaKXKC I/13y‘-I€HI/IIO nux

MAarHUTHBIX CBOMCTB.

Llens padomut:

° KpI/ICTaHHOXI/IMI/I‘IeCKOC HCCICAOBAHUC U U3YUYCHUEC CBOMCTB IPUPOAHBIX U CUHTCTHUYCCKHUX

BaHAaTOB MEIU

3aoauu ucciredoganu:

1) CuHTe3 METO/IOM I'a30BOr0 TpaHCIOPTa U TBepao(da3Hbix peakimii B cucremax CuO-V20s-CuClz
1 CuO-V0O,-As,0s;

2) OmnpejesneHne KpUCTAUTMIECKUX CTPYKTYP HOBBIX CHHTETHYECKHX COCANHCHH;

3) Bemmonnenne xumudeckoro ananusa (D/C) u peHTreHo(ha3zoBoro aHanmmsa AJs MMPOAYKTOB
CHHTE3a;

4) VccrnenoBanue METOAaMHU TEPMOAHAIIN3a U KOJICOATEIbHOM CIIEKTPOCKOITUH HOBBIX COCIMHCHHIA;

5) U3ydeHue TEmIoBOro pacuInpeH s HOBbIX COCAMHCHUIA;

6) V3y4eHre MarHUTHBIX CBOICTB,

7) KpucramioxuMudeckoe ccieJ0BaHue u TepMopeHTreHorpadus GponpbopTrTa.

Hayunasa nosusna

B pe3ynbraTte BBINOIHEHUS 1aHHOW pabOThI MOJYYEHO 5 HOBBIX OKCOBAaHAAT-XJIOPUAOB MEIN
a-Cus02(V0O4)CI (Pbcm), B-CusO2(VO4)CI (P2/n), CusO2(V0a)2:(KCl)os, CusO2(V0Os)2:(CuCl) u
CugO2(V04)4Cl2, rie BTOpOE COCAMHEHNE - BIEPBbIC YCTAHOBICHHAS MOHOKJIMHHAS TTOJUMOpbHAs
MomuduKaus KomapcuTa. Jlyis  OBYX TIOCIEAHUX COEAMHEHUH WCCIEIOBaHBl XapaKTephl
TEPMUYECKOIO0  pacHIMpeHus. B~ COBOKYMHOCTM ¢  pe3ynbTaTaMH  HCCII€OBaHUS
BBICOKOTEMITepaTypHoro noseaeHus Gonpoopruta CuzV207(0OH)2-2H20 u3 mecropoxaenus Trosi-
MyloH, yCTaHOBJIEHa INPEEeMCTBEHHOCTh H3BECTHBIX BaHAJaTHHIX (a3 B KayecTBE IPOJYKTOB
paznokenus ucxoaubix 00pasnoB Cus02(V0s)2:(CuCl), CugO2(V04)sClo u CuzV207(0OH)2-2H20.
[Tomumo 3TOro, mosyueH HOBbI BaHaauwi-apceHaT memu Cu(VO)2(AsOs)2, mpeacTaBIsFONIUi

_[1+4+1]V4+ "

YHUKANBHBIA CTPYKTYpHBIH TuMl ¢ pasnudabiMu turmamu V-0-V cesasok H4V4 -, 0
[H4+INA L Qeq-I141V4  TIo  pesymbTaTaM  BBINOTHEHHBIX ~MATHHTHBIX —HM3MEPEHHH  JUIs
Cug02(V04)4Cl2 1 Cu(VO)2(AsO4)2 ycTaHOBICHBI CIIMHOBBIC MOJICIH, JaHbI OI[CHKU MapaMeTpPOB
KOHKPETHOH MOJIENIH, a TaKXKe IETAIbHO PACCMOTPEHBI OCHOBHBIC CTPYKTYPHBIE OCOOCHHOCTH,

00yCIaBIUBAIOIINE YHEPTUIO MATHUTHBIX B3aUMO/ICHCTBHH.
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Teogzemuttecmm U NpaKmuu4ecKan SHavumocmu gzaﬁombt

JleranpHOe WCClIEOBAaHUE YCIOBUH KPHCTALIM3AIMM  OKCOBAaHAIAT-XJOPHUIOB  MEHH,
BBICTYNAIONINX MPOTOTUIIAMU AJIs1 (PYHKIIMOHAIBHBIX MAaTEPUAJIOB C MEPCIEKTUBHBIMU MarHUTHBIMU
CBOICTBaMH, MO3BOJISET ONpeAENUTh Hauboee 3PPEeKTUBHBIE U ONITUMAIbHBIE CIIOCOOBI MOTYYEeHUS
MaTepuaioB Ha MX OCHOBE. KOMIUIEKCHBIM KpUCTAINIOXMMUYECKUI aHAJIM3 U XapaKTepuUcTuka 6
HOBBIX CHHTETHYECKUX COCIMHEHUH IO3BOJIMIM PACHIMPHUTH MPEICTABICHUS O MAIOM3yYEHHBIX
rpynmnax COeAMHEHWH MeIu M BaHaAus, KOTOpble paHee ObUIM M3BECTHBI JIUIIb B BHJIE PEAKUX
MUHEPATbHBIX BUAOB. llpu 3TOM moiyueHue B J1aOOpPATOPHBIX YCIOBHUSX HOBOW MOHOKIMHHOMN
nonmmopoHoit Moaudukamyu kornapeurta B-CusO2(V04)Cl (P2/n) ykassiBaeT Ha MOTCHIHAIBHYIO
MEPCIICKTHBY OTKPBITHS W HW3y4eHHUS HOBBIX MHHEPAJIBHBIX BHJIOB 3TOH TPYIIBI B (QyMaposax
nulakoBelx  KoHycoB  BTTH.  M3yueHune  TEepMHUUYECKOrO  IMOBEACHUS  CUHTETHUYECKHUX
Cus02(VO4)2:(CuCl) u CugO2(V04)sCl, a Takxke mnpupogHoro obpasua ¢GoapdbopTHTa
CuzV207(0OH)2:2H20 u3 Tros-MytoH, npeanosiaraeT BO3MOXKHBIC MYyTH UX KPHCTAJUIOTEHE3UCa U3
HaOopa W3BECTHBIX BaHAJATOB MEOU IPH ONPEACIICHHBIX YCIOBHIX MHHEPAIOO0pa30BaHUs.
Beimonnennbie  uccnenoBanuss MarHUTHbIX — CcBOUMCTB  CugO2(V04)sClz u Cu(VO)2(AsOs):.
MPEJCTABISAIOT CcO0OM  OONBIIYI0 IEHHOCTh B ONPEACICHUHM MPUPOJBI HU3KOPA3MEPHOTO
GpyCTpUpPOBAaHHOTO MarHeTH3Ma W Pa3IUYHBIX KOHKYPEHTHBIX MAarHUTHBIX B3aWMOJCHCTBHIA,
OTIPENIEISIFOIINX TPAHUIIBI U TTapaMeTPhl «HACTPONKM» CBOMCTB /IS TaJbHEHUIIETO TPUMEHEHHS B

Ka4dyeCTBEC q)YHKHHOHaJ'II)HBIX MaTCpHraioB.

Memooul ucciedoganus

CuHTe3 TMpeNnCcTaBIeHHBIX B padoTe COEAMHEHWH BBHIMONHSICS BBICOKOTEMIIEPATYPHBIMA
MeToJaMu  TBepAo(a3sHBIX M Ta30TPAHCHOPTHBIX peakiuii B Jaboparopun  Kadempsl
kpuctamorpagpun  Canxt-IletepOyprckoro  I'ocymapctBeHHoro  YHuBepcutera.  Pemenue
KPUCTAUTHIECKAX CTPYKTYP BHIMOJHSJIOCH Ha OCHOBE JAaHHBIX PEHTTEHOCTPYKTYPHOTO aHaIH3a
(PCA), OCYIIIECTBIISIEMOTO Ha o0opytoBaHUH Pecypcuoro IeHTpa CIlel'y
«PenTrenonnpakioHHble METObI HCCIeI0OBaHU» (MOHOKpHUCTaIbHBIE AudpakToMeTpsl Bruker
«Kappa APEX DUO» Mo Ka, Bruker «<SSMART APEX II» Mo Ka, Rigaku «XtaLAB Synergy» Mo
Ko). Xumudeckuii coctaB 00pa3IoB ompenernsuics MetogoMm sHeproaucnepcuonHon (31C) u
BOJTHOBOM peHTreHoBckoi crnektpockonuu B PI[ CIIOTY «['eomonmens» (CKaHUPYIOIIHMA
anekTpoHHbIN MuKpockor Hitachi S-3400N), Taxxe B PL[ CII6I'Y «Mukpockomnus 1 MUKPOAHAIH3)
BBITIOJIHSUICS KAUYECTBEHHBI XMMUYECKUH aHanu3 mpod (pacTpOBBIM SJIEKTPOHHBIA MHKPOCKOI
Hitachi TM 3000). Penrrenodazossiii ananu3 (PD®A) moponkoBeix mpod ¢ METbl0 ONpeaeieHus
CTeMEeHH YHUCTOThl (ha3bl M OTCYTCTBHSI TpUMECE BBINOJIHSUIMCH MeTojloM PurtBenpaa c

ucnonb3oBanueM  nudpakromerpoB  PI[  CIIOI'Y  «PeHTreHOAM(paKIMOHHBIE  METOJbI
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uccaenoBanus» (Rigaku «MiniFlex I1» Cu Ka u Co Ka, Bruker «D2 Phaser» Cu Ka u Co Ka, Rigaku
«Ultima IV» Co Ka). Xapaktepuctuka (yHKIMOHAJIBHBIX TPYHN MOJYYEHHBIX COCTUHEHUIN
metrogamu UK 1 PamMaHOBCKOM CIIEKTPOCKOIHMH MPOU3BOIMINCH C UCIIOIb30BaHUEM 000pyI10BAHUS
Pecypcubix neatpoB CIIOI'Y «PenTrenoandpakiimoHHbIe METOIBI UCCISAOBaHU» U« €OMOIeNb
(MK-®ypoe cnekrpometp Bruker Vertex 70 FTIR, Pamanosckuii criekrpomerp Horiba Jobin-Yvon
LabRam HRS800). TepmopeHnTreHorpaguueckue SKCIEPUMEHTHI TNPH BBICOKHX TeMIIEpaTypax
BeimosiHsuuCh B PLI CIIOIY «Pentrenomudpakunonnsie Metoasl uccaenoBanus» (Rigaku «Ultima
IV» ¢ TepmonpucraBkoit «SHT-1500»). KommiekcHbrii Tepmuueckuit ananus (TI, ACK)
npousBoauics B naboparopun Muctutyra xumun cuinkato uMm. U.B. I'pebeniukoBa Poccuiickoit
Axanemun Hayk (STA 429 CD NETZSCH). MarauTHble H3MepeHus 00pa31oB BEIMOIHSIHCH B PL]
CIIoI'Y  «/lmarHocThka (YHKIHMOHAIBHBIX MAaTEpPHAliOB ISl MEAWLUHBIL, (HapMaKkoIOTUU U
HAHOSJICKTPOHUKNY (CBepXIpoBoAsiIni kBaHTOBbIM Maruutometrp SQUID), a Takxke B Jlaboparopuu

WHcTuTyTa 3KCIIepUMEHTaIbHON pusnku YHuepcurera Ayrcoypra (maraeromerp MPMS 3).

jamumaexnbze noJjioyicenusn;

1. Pe3ko aHm3oTpomHOE TeIIoBoe paciupeHue (oasdoptura (C2/M)  00ycIOBICHO
CABUTOBBIMH JIe(hOPMAIHSIMHA OKTAdPUUYSCKUX CIIOECB JPYT OTHOCUTEIIBHO JAPYra U YMEHBIIICHUEM
yriaa f. Berue temnepatypsl 180 °C nipu BbIXOJ€ U3 KPUCTAJUIMYECKON CTPYKTYpPBI MOJIEKYJI BOJbI B
MUIOCKOCTH MOHOKJIMHHOCTU ac BIONb OWCCEKTpHChl yrina [3 Habmomaercs cxkarue (033), a B
HePIEeHANKYIAPHOM HaIMpaBJICHUH HAOIr01aeTCs paciupenue (o11).

2. [MTony4yeHsl HOBbIE CHHTETHYECKHME OKCOBaHamaT-ximopuabl wmeau, o-CusO2(VO4)Cl,
Cus02(V0O4)2:(KCl)os u CusO2(VOa4)2:(CuCl). B pesynbrare pacumdpoBKH KPHUCTALTHUECKON
ctpyktypbl B-CusO2(VO4)Cl mokazano cyrecTBOBaHHE MOHOKIMHHOTO MOJMMOpda KOMapCcuTa.
Crpykrypubie Bapuanud B 0-CUsO2(VOs)Cl u  B-CusO2(VO4)Cl  ompenensrorcss  THIIOM
TTOJTMMEPH3aIMH OKCOIIEHTPUPOBAHHBIX TeTpadapos [OCus]®*. Xapakrtep TemmoBoro pacmmpeHns
Cus02(VOa4)2:(CuCl) mensiercss oT pe3ko anmzotpornHoro B uHTepBase 100-400 °C mo mouru
n3orponHoro npu remmneparype 500 °C.

3. Kpucrannuueckas CTpyKTypa CHHTETHYECKOTO aHajora SIPOILIEBCKUTA XapaKTepU3yeTCs
pasynopsiiodeHreM no3uiu Meau Cu6. C pocToM TeMIlepaTypbl HAIlPaBICHHE OTPHUIATEILHOTO
TETUTOBOTO PACIIMPEHHs 033 OJIM3KO K OCH ¢, BIOJIb KOTOPOW HAOIIOIAETCS CTPEMIICHUE IIETIOYEK
[02Cug]®* k xomduryparmm cnos karome [O2Cus]®* B aBepbeBuTe. TemmepaTypa MarHHTHOTO
ynopsoueHuss B CUgO2(V04)4Cl2 coctaBnser 24 K, a MarHuTHbIE MOMEHTBI YIOPSI0YHBAIOTCS
aHTH()EPPOMArHUTHO C TIPOSIBIICHHEM CITHHOBOTO KaHTHHTA.

4, Hoserit Banagui-apcenat mean Cu(VO)2(AsOs)2 KpHCTAIM3YETCSI B HOBOM CTPYKTYPHOM

THIIE, XapaKTEPU3YIOMUMCS CI0AMHU 13 okTadapos VOs, 00beanHeHHbIX cBsa3kamu 4V - Ogq-
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[rarllydr g IO V4 B Cu(VO)2(AsOs);  pasBuBaetcs  cinalblii  He
CKOMIIEHCMPOBAHHbIH MAarHUTHBIA MOMEHT BJIOJIL OCH b, TOr/1a Kak BHYTPH KaTHOHHOM MOPENIETKH

CIIMHBI OCTAIOTCA MPAKTUYCCKU KOJUIMHCAPHBIMHU.

ﬂ OCHIO6EPHOCHLL PE3Y/IbHAN 06

JIOCTOBEPHOCTh  PEe3yJIbTATOB JaHHOW pabOThl OCHOBaHA Ha B3aHMOIONOJHSIONINX
IKCIICPUMEHTAIBHBIX JTAHHBIX, TIOJyIEHHBIX C UCIIOIH30BAHUEM COBPEMEHHBIX (DH3UKO-XHUMHUYECKUX
HE3aBHCHMbBIX METOJOB HCCIIE[IOBAHUS, BOCIIPOU3BOAUMOCTH IKCIEPUMEHTOB M COIOCTABICHUH
pe3y/bTAaTOB C JaHHBIMH, OMYOJIMKOBAHHBIMHU JAPYTHMH HCCIEI0BATEIIME. B 00IIeii ClI0)KHOCTH B
IPOIIECCE BBIMOIHEHHS TAaHHON PabOThl CHHTE3MPOBAHBI, CTPYKTYPHO OXapaKTEPU30BaHbI 6 HOBBIX
MUHEPAJIONOAOOHBIX COEIMHEHUH M u3ydeHbl uX (¢usnuyeckue cpoiictBa. OOpabortano 175
HOPOIIKOBBIX TEPMOPEHTTEHOTPaMM TSt ¢donpbopTUTa CuzV207(0OH)2-:2H20 u

Cus02(V04)2:(CuCl), CugO2(V0Oa4)4Clo.

Angzoﬁay‘u}l pe3yibmantoé

OcHOBHBIE pe3yNnbTaThl padOTHl B paMKaXx JaHHOW JUCCepTaluy ObLIN MPEICTABICHBI B BUJIE
noknanoB Ha 20 MexayHaponHelx U Bceepoccuiickux koHpepeHuusix. bombmas yacte
HKCIEPUMEHTANIbHBIX JaHHBIX ObljIa Mpe/ICTaBlIeHa BO BPeMsl YCTHOTO JIOKJIa1a Ha MexXTlyHapoJHOH
KoH(pepeHMn «CoOBpeMEHHbIE TEHACHUUU pa3BUTUS (QYHKIMOHAIBHBIX MarepuanoB», Couu,
Cupnyc-2021. Ilo Teme nucceprauuu OMYyOJHMKOBAHO TpPU CTaTbM B HAyuyHBIX JKypHajax,
UH/IEKCHPYEMBIX B MEXIYHapOJHBIX cucTeMmax nutupoBaHus Web of Science m Scopus. Pabora
BBITMIOJTHEHA pU PrHAHCOBOM noaepx ke rpanToB PHD (Ne 16-17-10085) u PODU (Ne 19-05-00413
A).

Qovem u cmpykmypa padonut

HuccepTaisi COCTOUT W3 BBEIEHMS, YETHIPEX TIJIaB, 3aKIIOUEHUS U CIHCKA JUTEPATYPHI.
OO6mmit 06beM paboTel coctaBisier 174 crpaHulbl, B TOM uucie 66 pucyHkoB, 22 tabmui, 49
MIPUJIOKEHUH U CIIMCOK JInTeparypbl U3 358 HaumeHoBaHui. B rnase 1 mpuBeneHs! o01ue cBeieHus
o kpucramnoxumuu Cu?* u V#*, xapakTepHbIX /IS 3THX KATHOHOB MarHUTHBIX CBOCTB. Kpome Toro,
pPaccMOTpPEHbI o0rme MIPUHIUIIBI KPUCTAJUIOXUMHUHU COE/IMHEHUH, coJiepKaInx
OKCOLIEHTPUPOBAHHBIE TETPAdJIPhl, a TaKXKE PACCMATPUBAIOTCSA JAHHBIE MO KPUCTANIOXUMHH
M3BECTHBIX OKCOBaHAJAaT-XJIOPUIOB MeAu. B rmaBe 2 jAeranbHO MPEACTABICHBI METOJBI
WCCJICIOBAHMS BEIIECTBA M PacueThl, UCIIOIb3yeMbIE B JaHHOUW pabore. B rmaBe 3 obcyxmatorcs
pe3yabTaThl YTOYHCHHS KPHCTATHUECKOW CTpyKTyphl (omsbopruta CuzV207(OH)2:2H20 wu3
MecTopoxaeHus: Tyro-MyloH, a TakKe WCCIEeOBaHUS BBICOKOTEMIIEPATYPHOIO TOBEACHUS

MHHCpaJIa. B rnase 4 NPpUBCACHBI PE3YJbTAThl HMCCICAOBAHUSA HOBBIX OKCOBAHAAAT-XJIOPUIAOB H
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BaHaMII-apceHaTa MeIH, OOCYXKIAIOTCS UX KPUCTAIUIOXUMHYECKHE OCOOEHHOCTH M (hu3HuYecKue
cBoicTBa. llosicHeHWe METONMK CHHTE3a I KaXKIOrO COCAUHEHHUS, a TaKkXkKe pe3ylbTaThl

PEHTTEHOCTPYKTYPHOI'O aHAJIN3A IPUBEIAEHBI B IIPUII0KEHUSX.

bnacodapnocmu

ABTOp BBIpaXKaeT riy0oKyI0 0JIarogapHOCTh HAYYHOMY PYKOBOJIUTEIIO J.T.-M.H., Ipodeccopy
kadeaper kpuctautorpapuu CIIOI'Y Onery MoxannecoBuuy Cuiinpa (MHCTHTYT HayK o 3emiie
CII6I'Y) 3a npensokKeHHyo TeMy paboThl, BCECTOPOHHIOIO ITOMOLIb U MOJJEPKKY Ha BCEX 3Tamax
BBINOJIHEHUS paboThl. Takxke BbIpaxaeTcs ri1y0okas 0J1arofapHocTb AJeKcaHapy AJICKCaHIPOBUUY
HMupnuny (YHuepcurer Jleiinuura) - 3a KOHCy/NbTalMK, OOydY€HHE OCHOBAM HHTEpIIPETALUH
MarHUTHBIX U3MEPEHHUN B CONOCTABJIEHUHU CO CTPYKTYPHBIMHU JaHHBIMH. ABTOp TaK)K€ BbIpa)KacT
6imaromapHocTh I.r.-M.H. jou. EBrenuto BacuibeBuuy Hazapuyky (kadenpa kpucramiorpaduu
CII6I'Y) 3a oOydyeHHe METOJMKE OCYILECTBJIEHHS BBICOKOTEMIIEPATYpPHOTO CHHTE3a METOJOM
ra3oTPaHCHOPTHBIX PEAKLMI B Bakyyme, K.I.-M.H., nou. Mapuu ['eoprueBne KpxkumxaHOBCKOM
(xadenpa xpuctamorpadguu CIIOI'Y) 3a 0oOyueHHE YTOYHEHHIO CTPYKTYp MeTonoM PutBenbia, a
Tak)Ke MpOBeeHUE TepMopeHTrenorpapudeckux sxcrnepumentoB B PI CIIOIY «PJAMW», n.x.H.
Pumme CepreeBne byOHoBOIt u H.c. Bepe AnexcanapoBHe ®Pupcosoit (MUXC PAH) — 3a
KOHCYJbTallUM MO 00pabOTKEe 3KCIEPUMEHTAIbHBIX TEPMOPEHTTEHOrpapUUecKUX JaHHBIX B
nporpaMMHoM KoMiuiekce RietToTensor. Beipakaercss OnaromapHocts Hatanbe Bnamumupohe
[Tnaronosoii (PL] CIIOI'Y «PIAMMWM») u corpyanukam PI[ CIIOI'Y «PentrenoaudpakunoHHbe
METOIBl HccaenoBaHus», «l'eomonmenb», «MuUKpockonus M MHKpoaHaIn3», «/lnarmocruka
(YHKIIMOHAJIBHBIX MaTepUaANoOB JUIsl MEIWULMHBI, (apMakoJIOrMM UM HAHOAJIEKTPOHHKU» 3a
TEXHUUYECKYIO MOJIEPKKY B IIPOLIECCE BHIMOIHEHUS JaHHOW paboThl. ABTOp TaKXke 0J1aroJaput Bcex
npenojaBareneil  kageapsl  kpuctamuorpapuu  Canxt-IlerepOyprckoro  I'ocymapcTBeHHOTO
YHUBepcUTeTa 3a BBICOKUN MPO(heCCHOHATN3M, KOMIIETEHTHOCTb, TOOPOKEIaTeIbHOCTh U TEPIIEHUE,
KOTOPBIMH aBTOP BOCXMILAJICS Ha BCEM IMPOTSIKEHUHU CBOEro oOydeHus B yHuBepcurere. Cracubo
MoemMy MyxXy, I'mHre Muxamny CepreeBudy, MouM poautesnsM, BiagummupoBoit Csernane
AmnaronbeBHe U BrnagumupoBy Anekcanapy HOpweBuuy, 6a0yuike, 'apmaeBoit Mapuu IlaBrnoBhe,
cectpe Banepuu u 6pary JIMuUTpuio 1 BceM MOMM POJICTBEHHHKAM, KOTOpPbIE CIIOCOOCTBYIOT MOUM

ycnexaM U JOCTHUKCHUAM.
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I'nasa 1. JIuteparypHslii 0030p
B mepBoii TMaBe OCHOBHOE BHHMAHHE YEIEHO PACCMOTPEHHIO KPHCTALIOXHMHYECKHX
ocobennocreit Cu?* u V** B kxucnoposcoepkaiux coeMHEHHAX, a TAKKE XapaKTEePHBIX IS 3TUX
MOHOB MArHUTHEIX SABJEHMI M CBOMCTB. B JaHHOl I7aBe Takke KPaTKO PAcCMOTPEHbI OCHOBHEIE
TNIPUHIMIEI  AHHOHONEHTPUPOBAHHOTO —MpeiCTaBIeHHs okcocomeir Cu?* u  ocobGeHHOCTH
TOTMMEPH3allil OKCONEHTPUPOBaHHBIX TeTpadapos [OCUs]®*. B rmaBe jeTanbHO TIpejCTaBIIEHBI
SKCTAIIAIUOHHBIX MHHCPAJIbI T'pyHIibL OKCOBaHaaT-XJIOpUAOB MEau, paccMaTpruBarOTCA

MHHCPAJIBHBIC aCCOLMallA U YCIIOBHA MI/IHepaJ'IOO6pa3OBaHI/I5I.

1.1. OOumue cBeeHUSI U XAaPAKTEPUCTHKH BaHAIUsl

[lepBble ynmoMuHaHMs O BaHAJIWU, KAK O HOBOM XMMHMUYECKOM 3JIEMEHTE, OTHOCSTCS K Hadally
XIX cronerus. B 1801 r. mexcukanckuit xumuk A. M. nenb Puo npu nzydenun npoObl CBUHIIOBOM
pyasl u3 [umanan (Mekcuka) (del Rio, 1832), momy4un coiu HOBOrO 3J€MEHTa, KOTOpbIE MpPH
JEMCTBUY HA HUX KUCIIOT ABAIX COSIMHEHHS KPACHOTO IBETa. DJIEMEHT ObLI Ha3BaH dPUTPOHHEM
(ot rpeu. erythros — kpacusiii). OmHaKo, BCKOpE B pe3ysibTaTe padOT IPYrHX HCCIIEAOBaTeNeH U
COOCTBEHHO MMOBTOPHOM MPOBEPKH, J1€Th PHO OaABEpr COMHEHUIO CAeNaHHbIE BHIBOJBI U OTKA3AJICA
OT CBOETO0 OTKPBITUS, PELIMB, YTO HaONIO/Jal COEAMHEHHUS HENaBHO OTKPBITOro Xpoma. Bropoe
OTKpbITHE BaHaaus mpousonuio B 1830 r. mBenckum xumukoMm H. I'. Cederpémom, KOTOpBIi
OOHapyX W 3TOT JIEMEHT B HEOOBIYHO KOBKOHM jkene3Hoil pynae u3 pyanHuka Tabepr (LLseuwms).
HccnenoBaTens Ha3Ball €ro BaHaAMEM IO HMEHH FrepMaHO-CKaHIMHABCKOW OOrMHHU KpacoThl Vanads
(Sefstrom, 1831). Ilozxe nHemenkuit xumuk D. Bémnep (Wohler), xotopeiii Obu1 O1M30K K
CaMOCTOSITEIbBHOMY OTKPBITHIO TOTO K€ OJJIEMEHTa, IOKa3al TOXJIECTBEHHOCTh JSPUTPOHHUS,
HaOmogaemoro Puo, u Banaaus, kotopbliit oTkpsil Cederpém (1831; Weeks, 1968; van G. Hoppe et
al., 1990; J. Marshall, V. Marshall, 2004).

TlepBoe onucaHWe XMMHYECKHX CBOKMCTB BaHamus ObUIo caenaHo B 1831 r. Méncem SxoGom
bepuennycom (Berzelius, 1831), ogaako, mo-HacTosmeMy ero XMMHusi ObLila OcBellieHa ToJIbKO B 1867
I. B HCCIEJOBAaTeNbCKUX padorax anrnuyanuHa [enpu Pocko. Emy ynamnoce Bbiaenuthb
MeTaJIIIM4ecKui BaHaaui (uuctoroit 96.0 %) myrem BoccranoBieHus VC12 BogopoaoM, ONIpenenuTh
ATOMHBIN Bec ATOr0 AJIEMEHTa M TMPHHAJICKHOCTh ero k rpymme ¢docdopa (Roscoe, 1867). B
JAIbHEWIIEM MHOTHME XMMHUKU MBITATUCh MOJYyYUTh Oojiee YHCTHIA BaHAJAWM, ATH TMONBITKH HE
IIPUBEJIN K YCIIEIIHOMY pe3ysibTaTy. Banaauii, B cuily TpyJHOCTH €r0 OYMCTKH OT KMCIIOpOa, a30Ta,
yriaepojaa U BOAOPOJa, moiydancs Xpynkum. Jinms B 1927 r. amepukanckum xumukam /[. Mapaeny
u M. Puuy yaanoch moxy4uTh nepBbie 00pa3iibl KOBKOTO BaHaaus (4rucToTor 99.8 %), BOCCTaHOBUB

ero u3 V20s kanbrem (Marden, Malcolm, 1931).
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B nepuoandeckoin cucteMe XUMHUYECKHX 3JieMeHTOB [Imutpusi MBanoBuua MenpeneeBa
BaHA/MH pacrojaraeTcs B MOOOYHON MOATPYNIE MATON TPYMIBI, K KOTOPOH TarkKe MPHHAIJIEKAT
HUOOUH U TaHTa)l. Bananuii umeeT aToMHbBIN HOMEp 23, a 3HaYEHHE AaTOMHOM Macchl 3TOT0 3JIEMEHTA
1o yraepoHoi mkajne cocrasisieT 50.9415 (Emsley, 1995). Tlo cBoemy MOJIOKEHUIO B YETBEPTOM
nepuoje dTOW CUCTEMbl XUMUYECKHX 3JIEMEHTOB OH OTHOCHUTCS K MEPEXOJHbIM MeTajlllaM IepBOTo
psaa, Kyaa TakKe BXOJAT TAaKUE AIEMEHThI TOOOYHBIX TPYII KaK CKaH/IMA, TATaH, XpOM, MapraHell,
Kele30, KoOaIbT, HUKEIIb, ME/Ib U IIUHK. DTH NiepexoiHbie d-351eMeHThI 00/1a/1a10T 00IUME (HU3HUKO-
XUMHUYECKHMMH CBOMCTBAMU Ojarofaps CXOJCTBY CTPOEHHUS BHEUIHHX 3JIEKTPOHHBIX O0OJIOYEK: B
atromax O-anmemeHToB comepkutcst or 1 mo 10 31ekTpoHOB Ha O-1OJYpOBHE MpPEABHEIIHETO
AJIEKTPOHHOIO CJ0S U 2 Ha S-TIOJypOBHE BHEILIHEIO AIEKTPOHHOIO cios. JlaHHOE CXOACTBO IOMUMO
BCEro0 IpPOYEro CrocoOCTBYET COBMECTHOMY YYacTUIO 3THUX 3JEMEHTOB B KPUCTAIMYECKHUX
CTPYKTypax MHOTHX MPHUPOAHBIX U CHHTeTHYECKUX coenuuenuit (Cotton et al., 1999).

[To cBoeii mpupo/ie BaHAIUI ABISETCS TUITUYHO JTUTO(PUILHBIM 3JIEMEHTOM CO CPAaBHUTEIBHO
ApKO BbIpaKEHHbIMU OMO(UIbHBIMU cBOMcTBaMU (Xo010B, 1968). Ilpu onpeneneHHBIX yCIOBUIX
BaHA/IMH TaK)Ke MOXKET IPOSBIIATH cuaepodmibHbiii Xapaktep (Rankama, Sahama, 1950). B 3emuoii
KOpe BaHagui UMeeT HEOOINBILIYI0 PAaCHpPOCTPAHEHHOCTb, €r0 CpPEJHEE COJAEpP)KaHHE B BEpXHEH
KOHTHHEHTAJIBHOW KOope oIlleHuBaeTcs kak 113 ppm, mHaubomnblneil koHueHTpauuen 245-254 ppm
XapakTepusyroTcsi 6a3utel U Merabasutel (I'puropses, 2010). B cBsizu ¢ 3TUM, BaHaauil ciexyer
OTHECTHU K PEAKUM 3JeMEHTaM. B ropHeix nmopojax aurocdepsl BaHaAUNH COAEPKUTCS MPUMEPHO B
T€X K€ KOJMYECTBAX, YTO M XpPOM, CTPOHLMM U UHUPKOHUN, U CYIIECTBEHHO IPEBBIIIAECT
pacmpoCcTpaHEHHOCTh MEIH, CBUHIIA, [IMHKA U IPYTHX MaJbIX 3JIeMeHTOB (Xo01040B, 1968).

DMmnupudeckuil aToMHbBIH paguyc BaHamus paseH 1.35 A (Slater, 1964). DnexrponHas
KOH(Urypamus BaHamus UMeeT cremyrommii Buy 1522s22p®3s23p®3d34s?. C d-momypoBHs TpeThero
HHEPreTUUECKOT0 YPOBHS BaHAUH MOXET OTJATh OT 1 710 3 3JIEKTPOHOB, B CBSA3H C YEM ATOT JIEMEHT
oOmamaer OONBIIMM pa3sHOOOpa3sMeM BO3MOXKHBIX CTeleHel OKHCIeHus. B mnpupoiHeIx u
CHHTETUYECKUX COCIMHEHUAX BaHAJAUMN MPOSBIAET CTENEHU OKUCHeHus +2, +3, +4 u +5.

HNonnbie panamychl BaHaaus B Pa3IUYHBIX CTEMEHSIX OKHUCICHHS W TPU  Pa3HBIX
KOOPAMHALIMOHHBIX OKPYKEHHSIX ONPEIEIICHBI KaK: V& =0.79 A s KU = 6; V3 =0.64 A s K4
= 6; nonHsle paauycsl V4 npunumator 3Hauenns 0.53 A mia KU =5,0.58 A mna KU=61u0.72 A
as KU = 8; st VP pu KU = 4 pammyc cocranster 0.355 A, npu KU=5-0.46 A, anpu KU =6 -
0.54 (Ahrens, 1952; Shannon, 1976).

bnaronaps »¢dexry Sna-Temrepa (bepcykep, 1987; Halcrow, 2013; Hupenscon, 2014),
NpOSIBIIIEMOMY BaHaJ#eM, Kak nepexoqHbiM Mmerawiom (Haas, Sheline, 1966; Suzuki, Miyahara,

1967; Johannesen et al., 1968), B pa3HbIX BaJEHTHBIX COCTOSHHUSAX 3TOrO 3JEMEHTa HaOII0IaeTCs
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HIMPOKOE pa3HooOpa3ue pa3iMyYHBIX THUIOB KOOPAMHAIIMOHHBIX T€OMETpUN MPHU OKPYKEHHUU
JUTaHaMU, TJIaBHBIM 00pa30M, KHCIOPOIOM.

B kucnopojaconepkaimx COeIMHEHUSIX ¢ BaHAJMEM B CTEIIEHU OKUCIEHUsS +2 XapaKTepHbIM
sBIsieTcsl KoopauHanuonHoe ynciio (KY), mpuaumatomee 3HaueHue 6, pexe 4 (CepexkuH, YPycos,
2009). Jlns V?' KoopAMHAIMOHHBIE T€OMETPUM NpEICTaBieHbl B BUAe [4] Terpasapa wmma [6]
OKTas3/ipa CO CPEIHMMHU JIMHAMH cBszeit <V-O> = 2.02(1) A u <V-O> = 2.13(4) A (Cepexxun,
Vpycos, 2009) cooTBeTcTBeHHO. B To Bpems kak mms V' KOOpIMHALMOHHBIE T'€OMETPHUH
OpPraHHU3yIOTCA B CIEAYIONME MOMHAPHL: [4] TeTpasap ¢ <V-O> = 1.89(7) A, [2+3] TpuronaasHyo
ounupamuy ¢ <V-0>=1.97(16) A u [6] oxtasap ¢ <V-O>=2.01(5) A (Cepexkun, Ypycos, 2009).
Kpucraymoxumudeckrne 0COOCHHOCTH BaHAIMSI B CTEMEHSX OKHUCICHUS +4 u +5 OyayT moapoOHO
paccMOTpPEHBI HUXKE.

[loBenenve BaHagusi B MNPUPOAEC B 3HAYUTEIBHOM CTENEHHM 3aBHCUT OT €ro
KPUCTAJIOXUMUYECKHX CBOMCTB. Pa3HooOpa3ue BaJeHTHBIX COCTOSIHUN, BBICOKAas CTEIEHb
XUMHUYECKOH aKTUBHOCTH BaHAJUSA, CIIOCOOHOCTh K OOPa30BaHHWIO KOMILICKCHBIX COCJAMHCHUU H
npyrue GaKTOPHI SIBISIOTCS IPUYUHAMHE €ro OOWINS B IPUPOJIC, B TOM YHCIIC BAHAIUN IIPUCYTCTBYET
B Oosnee yem 270 wMmuHepandbHbIX Buaax (mo maHHeiM Mindat.org). CoenuHeHWs BaHaIusI
CPaBHHUTEIBHO CIIOXKHBI M0 COCTaBy, U MPEUMYIIECTBEHHO OHU O0pa3yroT KPHCTAUIbI HU3IICH U
cpenneit cuaronuii (Gunatos u ap., 2018; dunatos, 2019). bonpias yacTs MUHEPAJIOB, T/I€ BAHAUMA
ABJAETCS TNABHBIM MM OJHMM M3 TJIABHBIX KOMIIOHEHTOB, coiepsxkuT Tpymmsl (V104 u
KJIacCU(UIUPYETCs KaK MPUPOIHBIE BaHAIATHI.

B pazHooOpa3uu MUHEpalbHBIX MMapareHe3ucoB, XapaKTePHBIX AJI BaHAIUs, KIIIOUEBYIO POJIb
WUTPAaeT aKTUBHOE Y4YaCTHE OTOT0 DJEMEHTAa B OKHCIUTEIHbHO-BOCCTAHOBUTEIBHBIX PEAKIIUSIX.
HampaBnenne ¥ WHTEHCHBHOCTh TaKUX pPEaKIMUAd 3aBUCHUT OT BEIMYMH OKHCIUTEIBHO-
BOCCTaHOBHUTENIbHBIX TOTEHIIMAIOB HOHOB, ciararommx cucremy. [1o nanusim B.B. Illep6unst (1939)
OKHCIUTEIbHO-BOCCTAHOBUTENbHBIE TOTEHIMAIBI MOHOB BaHAAMs, H3MEpsieMble B BOJbTaxX H

oTHocuMbIe K 1/n pactBopa nipu 18 °C, MpUHUMAIOT CJICYIONTUE 3HAYCHUS:

V3 5 V4 = +0.40
VA VBT = +1.24

Bepxusisi mapa BBICTYNaeT OKHCIHTEICM I10 OTHONICHHIO K KOMIUIEKCAM C MEHBIIMMHU
3HAYEHUSAMH OKHCJIUTEIbHO-BOCCTAHOBUTEIBHBIX IMOTEHI[HATIOB B CPAaBHEHHH C TPEXBAJECHTHBIM
BaHaaueM, Hanpumep, Fe(OH),", Ti**, Cu* u Jp. DTa K€ OKHUCIUTEIbHO-BOCCTAHOBUTENIbHAS Hapa
SIBJISICTCSI BOCCTAHOBUTEJIEM JJIS 3JICMEHTOB C BEJIMYMHAMU MMOTCHIIMAIIA, TPEBBIIIAIOIINMHU 3HAUYCHHE
+0.40, x auM MoxkHO oTHectn: U**, Ni(OH)2, Fe?*, Mo*, Cr3*, Mn?*, Pb?" u np. Bropas e mapa
BBICTYIIAET OKHCINTeIeM o otHommenmo k Fe(OH)2, Ti**, Cu*, (SOs)%, Cu, V¥, U, Ni(OH),, Fe?*,

Mo**, I, u B To e Bpems BoccraHoBuTeneM aaa Cri*, Mn?*, Pb%*, MnO,, Co?* (Illep6una, 1939).



14

Kpome Toro, HampaBieHHE MPOLECCOB OKUCICHHS M BOCCTAHOBJIEHHUS B NPUPOJIHBIX YCIOBUIX
OTIPEICIISAIOTCS HE TOJIKO PEe3YIbTHPYIOIIUM TOTEHIIMATIOM CHCTEMbI, HO UM OT KHCIOTHOCTH-
IIEJIOYHOCTH MHHEpanoobpasyromeil cpensl. Tak, ycTaHOBIEHO, 4To B Kucioi cpexe V4 mosxer
comyrctBoBath U*, Fe?* m He MoXeT BCTpedyaThCsl C BBICHINMU OKHCIAMH JTHX >JI€MEHTOB
(Illep6una, 1939). B HeiiTpansHoii n cnabokucinoii cpexe V4 u V°* moxer cocymectBoats ¢ U,
Fe3*, Mo**, Co?*, Co®", M0®" u He coBmemaThes ¢ Husmmmu BaneHTHocTaME ¢ V3, Ti¥*, Sn®* u mp.
B cnabomtenounoii cpene V* moxer Berpeuarsca ¢ Fe¥t, V°*, Mo*, U*, o B npucyrcreuu Co** u
np. okucnsercs (Llepouna, 1949). B cBsi3u co BceM NMepEUYMCICHHBIM, MHOTOOOpa3rue BAJICHTHBIX
COCTOSHUHM BaHaIWs M pa3iuyHble (PU3MKO-XUMUYECKHE TMPUPOAHBIE YCIOBUS OOYCIaBIMBAIOT
pa3zHooOpa3ue MUHEPAJIOB C YH4aCTHEM ITOTO 3JIEMEHTA.

OT crerneHu KUCIOTHOCTH CpeJibl U 3Ha4YeHUs pH 3aBUCHT KOH(HUTYpaIus HOHOB BaHausl. Tak,
B Tpynax Suzmepa u Sape (1933) u Tappenca (1960) ycranosnero, uro oproananat-noH (VOs)*
MOJKET CylecTBoBaTh npu 3HaueHUsX pH 12.5 u Bbime. Ilpu moHMXKEHUH ATOrO 3HAYEHUS B
nuanaszone ot 9.5 no 12.5 npeumyiecTBeHHON (HOPMOI OpraHu3aIuy MOJU3APOB BaHAIUS SBIISICTCS
muBananar (V207)* (0H ke NMMPOBAHANATHBIA KOMILIEKC), KOTOPBIH XapaKTepeH sl BBICOKUX
OKHUCJIUTETbHBIX MOTeHIHanoB. [Ipu moHwkeHuu 3HaueHUd En mupoBaHagaT MOXKET MEpedTH B
Banamut (V100)%, a manee B uepblii V203, B eme 6onee KucIoii 00CTAHOBKE M MPH BHICOKOM
3HaueHnn En xapakrepHo obpasopanue nomuBaHanata (HV1002s)>, mpn yMeHbIIEHNH TOTEHIMANA

cpenpl oopasyrorcs Baraana (VO)?" u Banagusa V' HoHBL

1.2. OcobennocTu KPUCTAVIOXUMUH Y€THIPEXBAJICHTHOI0 U NATUBAJCHTHOIO BaHa/IUA B

KUcJIopoacoACpRaAIIMX COCANHCHUAX

Bananuii siBisieTcss Ba)KHBIM IPOMBIIIJIEHHBIM METAJIJIOM, COEJUHEHHS] KOTOPOTrO HaXOJST
pa3jMyYHbIE NMPUMEHEHUS KaK B YEPHOHW METAJUIypruM B KadeCTBE JIETUPYIOLIEH NpHUMECH IpH
BBITJIABKE Pa3JINYHBIX cOpTOB cTanu (Maiiep u nip., 2020), caMOI€TOCTPOEHNUH B KAYECTBE MOKPBITHIH,
MEIUIIMHE B POJIM MOTCHIIMAIBHBIX JIEKapcTBEHHBIX TpernapatoB U BAJ] (BopoOwseBa u ap., 2013),
onthke B BHIe GyHKIHOHATbHBIX cTekon (Magdas et al., 2015), Tak ¥ B XUMHYECKOIil
NPOMBIIIJICHHOCTH B KadecTBe KaTanu3aTopoB (Andrushkevich et al., 1979; Baraket, Ghorbel, 2000;
Chary et al., 2003). Haubonee mHTEpeCHHIMH W BapHAaTHBHBIMH, C TOYKH 3PEHHUS pazHOOOpazus
BO3MOKHBIX (ha3, ABIAIOTCA coenuHenus V4 1 V', uto o6ycnaBmuBaeTcs KpUCTAIOXHMIIECKAMI
OCOOCHHOCTSIMM  JITaHHBIX BaJIEHTHBIX COCTOSHUM BaHanusa. [loaToMy BecbMa BaXKHBIM
IPEJCTABIISIETC PAacCCMOTPEHUE W IOHMMAHME KPUCTAUIOXMMUU BaHAagus B 3THUX CTENEHSX

OKHCJICHUS, YEMY U IMOCBAUICHBI CICAYIOINNUEC CTPAHUIBI.
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1.2.1 KpucraiioxuMniecKue 0CO0eHHOCTH 0KCOCOIel YeThbIpeXBaJeHTHOT0 BAaHATUS

Jlns deThIpexBaJeHTHOTO BaHamus V** pacmpeseneHue SIEKTPOHOB MO JHEPreTHUECKHM
YPOBHSIM MOYKHO 3aIMCaTh B BUJIE 2NEKTPOHHOM koHpuryparuu [Ar]3s?3p®3dt. B kpucranmueckux
CTPYKTYpax MUHEPAJIOB M CHHTETHUECKUX COCTMHCHUN JUTS YETHIPEXBAIICHTHOTO COCTOSIHUSI BAHAIHS
XapakTepHa MUPaMUAATIbHAS M OKTadJIpHUYECKas KOOPAWHAIMHM C OOpa30BaHHWEM BaHAIWJI-HOHA
(VO)**. Okpacka MHHEPAJOB YETHIPEXBAJICHTHOTO BAHAIMs BAPbUPYET OT 3€JEHOH 10 TONybOi.
Hanpumep, okpacka kpuctaiuios nayhuaeputa (V4*0)SO4 (Krivovichev et al., 2007) u cummioTtura
CaV*"409-5H20 (Thompson et al., 1958) mpenMyIIecTBEHHO 3€JIECHOTO IIBETa, TOI/A KAaK IIBET
kpuctamnop MuHacparputa (V4*0)(SO4)-5H,O (Tachez et al., 1980) u mneHrarouura
Ca(V*0)Sis010-4H,0 (Staples et al., 1973) npeumymecTBeHHO romy6oii. Cpefy CHHTETHIECKHX
coequuennit V4 6pumn oTMeuens! TemHo-cunme kpuctamisl B-Sr(V0)2(AsO4). (Wang, Tsai, 1996),
3esenble kpuctamisl Pb(VO)2(PO4), (Grandin et al., 1992a), Ba(VO)2(PO4). (Grandin et al., 1992b) u
Ca(V0O)2(POa4)2 (Lii et al., 1992), 3encno-ronyosie Kpuctamibl Cs2CU1+x(VO)2x(P207)2 (x=0.1)
(Shvanskaya et al., 2015) u np.

Jlyis cTeneHu OKUCICHHS +4 XapaKTepHbIMUA KOOPIUHAIIMOHHBIMH YHCIAMU SIBJISIOTCSA 5 1 6,
OTMeuaeTcs TakKe YeThIpexkoopaAuHupoBanHblii V4 (Cepesxkun, Ypycos, 2009), u Haubosee peako
BCTPEUEHHOE BOCBMUKOOPANHUPOBaHHOE cocTostHue (Ahrens, 1952). B aTux ciy4asx ATUHBI CBs3EH
V-O He sSBISAIOTCS 3KBUBAJICHTHBIMHU. B IMOJTHOM KOMIUIEKCE CBS3€H Pa3IMYArOTCS OJHA KOPOTKAs
BaHAMIIBHAS CBA3b V4 -Ov, geThipe sxBaTopHanbHeIX V4-Oeq 11 01HA mymHHAS mpanc-cBasb VA-Or.
Knapk ompenensin BaHaIWIBHYIO CBSI3b KaK YKOPOUEHHYIO CUJIBHYIO CBsi3b V=0, nexairyro B
npenenax 1.57-1.68A (Clark, 1968). B To ke BpeMs S5KBaTOpUAIbHBIE CBA3U OTIHYAIOTCA OOIBITUMH
3HAUEHUSMU JJIMH, ¥ PACTIONIATraloTCsS OHU B yuC-TIOJIOKEHUH TI0 OTHOIICHHIO K BAaHAIMIILHOW CBSI3U.
Cea3p V-Ot peanmsyeTcss B mpaHc-TIONOKEHUU K BAHAIWIBHOW CBS3M, OTKYJa W TPOUCXOIUT
HA3BaHHE YTOU CBS3H. DTa MPAaHC-CBSI3b OOBIYHO JUTMHHEE YKBATOPUATHHBIX.

s V4 koopauHauoHHEIH momusap B Buje TeTpadapa ([4] KoopAMHAIMOHHAS TeOMETpHS)
XapaKTePU3YeTCs HATHINEM OJHOW BaHAIWIBHON U TPEX IKBATOPHAIBHBIX CBS3eH, TAKUM 00pa3oMm,
cpennss mmHa <V4*-0> cocrasmser 1.83(7) A (Cepexkun, Ypycos, 2009). J{jist KOOpAHHAIIMOHHOM
reomerpud [ 1+4] (KU = 5) B BuIe KBaapaTHOI MUpaMUIbI PA3TUYAIOTCS BAHAUIBHAS CBA3h V4-Ov
co cpenunM 3HaueHneM 1.59(2) A u sxBaropuansubie V¥*-Oeq cO cpeIHUM 3HAYEHHEM JTHHEI CBA3H
1.98(4) A (Schindler et al., 2000) (puc. 1). A B OKTadIpHUECKOil KOOPAMHAIMOHHON TeOMETPHH
[1+4+1] maa V* knaccudurmpyror BaHaMIbHYIO cBs3b ¢ <V4'-Ov> = 1.60(4) A, skBaTopuanbHble
¢ <V*-Oeq> = 2.00(5) A u mpanc-cesazp V4*-Or co cpenneii amunoit 2.27(12) A (Schindler et al.,
2000) (puc.1).
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Jlns Banagma-nona (VO)?* Taxoke XapaKTepHO ydacTHe B 00Pa30BAHMM aHMOHHBIX MOCTPOEK
CMENIAHHOTO THUIIA B aCCOIMAINH C TETPAIIPUUECKUMU KUCIOTHBIMU KOMILUIEKCAMU: CHIMKATHBIMH
(Basso et al., 1995; Evans, 1973; Matsubara et al., 1982; Matsubara et al., 2003), ¢bocharabiMU
(IllutoB u mp., 1984; Pring et al., 1999; Roca et al., 1997; Medrano et al., 1998), cyabdarabiMu
(Cooper et al., 2003; Hawthorne, Schindler, 2001; Vergasova et al., 2013; Krivovichev et al., 2007,
Siidra et al., 2014a; 2014b) u apcenarusiMu (Wang, Cheng, 1994; Wang, Tsai, 1996).
[TprMeuaTebHBIM TIPEICTABISACTCS TOT (PAKT, YTO B IKCTATANUOHHBIX OKUCIUTEIHHBIX YCIOBHUSIX B
dbymaponax boabsmoro TpemuuaHoro TonbaumHckoro u3BepskeHus 1975-1976 r1r. BaHaauiI-uoH
(VO)?* m3Becten B muHepanmax mayduepur B-VO(SOs) (Krivovichev et al., 2007), xapmoBuT
TI,VO(SO4)2(H20) (Vergasova et al., 2013; Siidra et al, 2014b) u eBmokuMOBHT
Tl4(V0O)3(SO4)s(H20)s (Vergasova et al., 2013; Siidra et al., 2014a), riae B aHHOHHOMN IPYMITHPOBKE

TO4 B KauecTe T KaTHoHa BhIcTymaer S°°.

1.2.2 KpucranioxumMuyeckue 0CO0EHHOCTH OKCOCOJIeH NATHBAJICHTHOIO0 BaHAAUSs

3anonHeHNe SHEPreTHYECKUX YPOBHEH SIeKTpOHaMH i MOHA V°' MOKHO paccMOTpeTh B
COKpAllleHHOM BHJE 3NeKTpoHHOH KoHpuryparmu [Ar]3s23p®3d®. Jlna wu3BecTHBIX MMHEpaoB
NSATUBAJICHTHOTO BaHAMsI YaCTO OTMeUaeTcs pKasi OKpacka, B YaCTHOCTH, JKEITO-KPACHBIN, JKeNTO-
3eseHbll U Oyphlid (kopuuHeBbli) nBera (My3run u ap., 1981; ®@otues u ap., 1988). Bximouenue
JPYTHX MePeXOIHBIX METAILIOB HiTH HEGOIBIIOTO KoMmuuecTBa V4" MpUBOIHUT K IHUPOKOMY IIBETOBOMY
JMana3oHy coeauHeHnH V> (0T KpacHO-KOPMYHEBOIO M XKEJITOrO 0 TEMHO-3EIEHOTr0 U YEPHOTo)
(Pocroxkep, 1959; Edumos u np., 1969). Kak 651710 0TMeUeHO paHee, TPOUCX 0K ISHUE MOIaBIISIOIET0
OOJIBITMHCTBA N3BECTHBIX BAaHAJATOB CBSA3aHO C SK30T'€HHBIMH IMPOIECCAMU MUHEPAIO00pa30BaHHMS,
a MMEHHO, YHCIICHHBIM IIPEBOCXOJICTBOM OTIMYAETCS AIKCTASIHMOHHAS JEeSATEIBHOCTh (ymMapoll
IIJJAKOBBIX KOHYCOB Bonbmoro TpemuuHoro TonxbaunHckoro u3Bepxenus 1975-1976 rr.

Jns BaHagMs B CTENEHHM OKHUCIEHUS +5 oTMedaercst Oosee MIMPOKOe pazHooOpasue
KOOPJWHAIIMOHHBIX T€OMETPUH MO0 CPABHEHHIO C JIPYTMMH COCTOSIHHSAMH. Tak, KOOpIUHAIIMOHHAS
reomerpus [4] (KU = 4) orBeuaer 00pa30BaHUIO BOKPYT BaHAIUsl TETpasApa CO CPeaHEHl JITUHOM
cBs3u <V°'-O>, mpunumatomeii 3avenne 1.72(1) A (Shannon, Calvo, 1973a). Taxxe mna V°*
xapakrtepHa reometpus [1+4] (KU = 5), npu koTopoii o6pazyercs KOOpJMHALMOHHOE OKPYKEHUE B
BUJIe KBAJApaTHOH mupamuasl. CpeiHue ITHHB CBA3M cocTaBsoT <V -Ov> = 1.59(3) A u <V°*-
Oeq> = 1.89(6) A (Schindler et al., 2000). Kpome Toro, paznuuaercs [1+4+1] (KU = 6) reomerpus B
BHJIE MCKAXKEHHOTO OKTadIpa ¢ <V°'-Oy> = 1.61(3) A, <V°*-Oeq> = 1.92(9) A u <V>*-O> = 2.31(8)
A (Schindler et al., 2000). Jns V°* Taxke oTMeuaeTcs KoopauHAIMOHHas reoMerpust [2+3] (KU = 5)
¢ mByms <V°"-Ov> = 1.66(4) A u tpems <V°*-O¢q> = 1.95(8) A, obpasyromumn HcKakeHHYIO

tTeTparoHansHyio mupamuay (Schindler et al., 2000). IMocienusss KOOpAMHAIMOHHAS T€OMETPHSI
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[2+2+2] (KU = 6) omimuaercs aByMs BaHAMWIBHBIMH <V°'-Ov> = 1.67(4) A, nByms
skBatopuanbHeiMe <V°'-Oeg> = 1.93(6) A u aByma mpanc-ceazamu <V°*-Op> = 2.20(14) A

(Schindler et al., 2000). Bce onucaHHble KOOPIUHAIMOHHBIE T€OMETPUH TPOMILTFOCTPUPOBAHBI Ha

pucyHke 1.
BaHapatHble cBA3n BaHagunbHas BaHaaunbHble BaHagunbHas BaHaaunbHble
1.6-2.0 A 1.5-1.7 A —_ 1.5-1.7 A /1517 A 71517 A
-9 \ 9 o o
3 \. \‘ 1 OkBaTtopuarnbHbie
: - K =1.9-20A
(%] ® @ ' 4 : | 1.9-2.0
OkeaTopuanbHble 3kBaTopuasnbHble OksartopuanbHble '\Tpawc—caﬂab ¢ /
1.820A =1.920A 1.8-2.2A i 2026A ® 1/‘-
TpaHc-cBs3 ’
” i22A ©
[4] [1+4] [2+3] [1+4+1] [2+2+2]
Pucynoxk 1. Koopnunamumonnsie reomerpun B (VOn) mommdnapax: [4] — Terpadapuueckas

KOOPJMHAIIMS C XapaKTePHBIMU I BaHAIaTOB JuinHamu cBsizeit (Shannon, Calvo, 1973a); [1+4] —
KBaJIpaTHO-NTMpaMUJalIbHAs KOOPAUHALIMS C OJHOW BaHAJAMIBLHOM M YETHIPbMSI IKBATOPUATHHBIMU
cBsA3siMM; [2+3] — KOOpAMHALMSA C TPEMsI SKBATOPUAJIBHBIMU CBS3SIMM U JIBYMSl BaHaJWJIbHBIMU
CBS3SIMU B  yuc-monoxxkeHuu; [1+4+1] — okradapuueckas KOOpJAMHAIUSA C  YEThIPbMS
HKBATOPUAJILHBIMH, OJHOW BaHAIUIBLHON U OAHOU MpPAaHC-CBA3BIO B MpaHc-TIONOXKeHuu; [2+2+2] —
OKTadIpUuecKasi KOOPAUHALMOHHASI TEOMETPHS C IBYMsI 9KBATOPUAIbHBIMU, ABYMS BaHAIUIbHBIMU
u 1yms mpanc-csi3simu (Schindler et al., 2000).

Cpenu TeTpasapuiecki KOOPAWHUPOBAHHBIX BaHA/IATOB MOXKHO BBIIEIUTH JIBa ceMeicTBa:
OpTO- W JMOPTOBAHAATHl (MHUpoBaHaAaThl). Hambojee MHOTOYMCIEHHBIM SIBISIETCS CEMEHCTBO
OpTOBaHAMATOB. B KPUCTAITMUECKUX CTPYKTYpaX MUHEPAIOB 3Toi rpymmsl TeTpasapsl (VO4)¥,
ananornyso docdatasiM (PO4)* u apcenatusiM (AsOs)> aHMOHAM, He CBS3aHBI MEXIY COOON HH
yepe3 o0IIue KUCIOPOJHbIE BEpIINHBI, HU yepe3 pedpa win rpanu. Kpucramiueckue CTpyKTYypbl
OpPTOBAHAJIaTOB YacTo BKIOYaroT ogHoBasieHTHBIE (Na, K), nByxBanentnsie (Ca, Ba, Cu, Pb, Zn, Mn)
u TpéxBaneHtHele (Bi, Al) katmonsl meramuioB. K uMciny Takux MUHEpPaJIOB C HM30JIMPOBAHHBIMU
TeTpa’ApHUECKUMH aHHOHHBIMU Komruiekcamu (VOa4)* moxHO otHectn duHrepnt Cu1i02(VOa)s
(Hughes, Hadidiacos, 1985), nuoncut CusFes(VOa.)s (Hughes et al, 1987b), maxoupuent Cuz(VOa4)2
(Hughes et al., 1987a) u ap. AHHOHHBIC PaaUKaIIbl JUBAHAIATOB 00PA30BaHbI ABYMS TETPadApamMu
BaHAMS, JICTAIIMME «MOCTHKOBBIEC» aTOMBI KHUCIIOpoJa ¢ odopaszoBanuemM rpym (V207) (Hanpumep,
omoccut a-CuzV207 (Robinson et al., 1987), mepserut Pb2(V207) (Bariand et al., 1963), poasboptut
Cuz(V207)(OH)2:2H20 (Basso et al., 1988)). Terpasmpudeckue TpyNIHPOBKUA BaHAIUS MOTYT
y4acTBOBaTh B (POPMHUPOBaHWUM aHHOHHBIX IIOCTPOCK CMENIAHHOTO THIIA HApSIy C JIPYTHMHU
KHCJIOTHBIMM AaHHOHHBIMU KOMIUIEKCaMH (CUIIMKAaTHBIMU, GocPaTHBIMU, apceHaTHBIMU) (AKyOoBUY,
2009).

Bananuii 061magaeT HECCOMHEHHO BBICOKOH PEaKIIMOHHON CIIOCOOHOCTBIO, OH JIETKO OKUCIISIETCS
WIA BOCCTAQHABIMBACTCS B ONPEICICHHBIX (DU3UKO-XUMHUYECKUX YCIOBHSX. A BO3MOXXHOCTb

HaXOXIACHUA BaHaAusd B YCTBIPEX PA3JIUMYHBIX BAJICHTHBIX COCTOSHHAX 06YCHaBJII/IBa€T OonbIIOE
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KOJIMYECTBO €r0 Pa3HOOOpa3HBIX COeNMHEHHWH. Takum o0pa3oMm, BaHAAWN XapaKTepeH IS
reOXMMUYECKHX OOCTAaHOBOK INHPOKOTO CIEKTpa, MPHUpPOJAa €ro TIeHe3uca pazHooOpazHa H
00yCIIOBJICHA PACCMOTPEHHBIMHU BHIIIE OCOOCHHOCTSMHU TOBEACHHS B OMPEICIICHHBIX YCIOBHUSIX
cCpeapl W JOPYTMX KOMIIOHEHTOB. VIHTepecHBIM MpeAcTaBisieTCs paccMOTpeHHe (HaKTOpoB
o0pa3oBaHUs BaHAIMEBON MHHEpAIMU3AIMK B PA3IMYHBIX T€0JIOTUYECKUX 00CcTaHOBKax. JTa rpada

T€OXUMHUUYECKOMN XAPaAKTCPUCTHUKU BaHAAHA, KAK XUMHUYCCKOI'0 3JICMCHTA, PAaCCMAaTPUBACTCS HUIKE.

1.3.  OO0uue 3akoHOMepHOCTH (hopMHUPOBAHMS U pacnpeiesieHNsi BAHAJAUS B IPUPoO/Ie

B ycnoBusix maemamuyeckux TPOLECCOB  COAEpkKAHME BaHAAWA  BO3PACTaeT OT
YIIBTPAOCHOBHBIX IO OCHOBHBIX ITOPO/I, ¥ 3aTEM YMEHBIIIAETCS OT CPEIHUX /10 KUCIIBIX TOPHBIX TTOPOT
(Depcman, 1955; Bunorpanos, 1956; Xonoaos, 1968). 'maBHbIMU HOCUTENSIMH BaHAAUSI BEICTYAIOT
OCHOBHBIE MOPOJbI (rab0po, TOPHOIEHIUTHI, & TAaKKE MUPOKCEHUTHI), B YbHX TEMHOOKPAIICHHBIX,
OCOOEHHO B PYIHBIX KEJIE30TUTAHUCTHIX MHUHEpAIaX, U KOHIEHTPUPYETCS WHTEPECYIOIIMI Hac
anemeHT. ['oBopst 0 pacnpeneneHuu BaHAAUsI B MUHEpPaiaX, CTOUT OTMETUTh, YTO MaKCUMaTbHBIMHU
€ro KOJIMYECTBAMH B KHUCIIBIX TMOPOJAX XapaKTEPU3YIOTCS CIIOAHMCTBIE 0OpazoBaHus (OMOTHT U
MYCKOBHT), 3aT€M €ro COJIep>KaHNe YMEHbBIIAETCS B PSAAY OT TUTAHUTA, aBTUTA U POTOBOM OOMaHKH.
[Ipu nepexoae Kk OCHOBHBIM NOPOAaM paclpeeieHue 0 MUHEPaJIaM MEHSIETCS, U KIIFOUEBYIO POJb,
C TOYKU 3PEHUsSI COJEPKaHHS BaHAAWs, HAUMHAIOT UTPaTh MHUHEPAJIbl TUTaHA (TUTAHOMArHETHT,
WIbMEHUT, pyTui). B oOuiem Buje cuuraercs, 4T0 B MarMaTU4eCKOM IpoIiecce BaHauM, Hapsy ©
TUTAHOM U >KEJIe30M, HAKaIUIMBAeTCAd B XOJ€ NMEPBUYHOM KPUCTAIM3AIMU Marmbl. B riaBHYIO
KPUCTAIM3AIMIO, KaK M B OCTaTOYHBIA pacriaB, BaHaauii He BxomuT (Depcman, 1960). B
3¢ Py3UBHBIX TOpOAAX paclpeeIeHIE BaHAIU UMEET TaKYIO )K€ TeHICHIIUIO, KaK U B UHTPY3UBHBIX
oOpazoBanusix. Cuntaercs, 4TO BaHAIUN B M3JIMBIIMXCS MOPOJAX CBSI3aH C KEJIE30M, U MOITOMY
MPEUMYIIECTBEHHO TPUYpOUYeH K OCHOBHBIM 3¢ dy3uBam (Mapxunun, CamnoxxkHukosa, 1962;
Xomonos, 1968).

C 3Toi1 TOUKH 3pEHUs, HHTEPECHBIM MPEJICTABIISIECTCS PACCMOTPEHNUE Pa3HO00pa3usi MUHEPAJIOB
BaHAIUSl B IKCCANAYUOHHBIX YCI08UAX MHUHEPANO0oOpa3oBaHUSI COBPEMEHHBIX BYJIKaHOB l3anbko
(CanbBanop) u Tonmbauuk (momyoctpoB Kamuarka, Poccus), XuMHUeCKUi COCTaB MOPOJ KOTOPBIX
npuypoueH Kk ocHoBHomy THITy (Rose, Stoiber, 1969; Fedotov et al., 1980). dns ¢pymapon BynkaHa
N3anpko B 3HAYUTENBHBIX KOJWYECTBAX XapaKTePHbI HAXOAKW HW3BECTHBIX BaHAJATOB MEJIH:
croitbepur CusO2(VOs)2 (Birnie, Hughes, 1979), mmsur B-CuV207 (Hughes, Birnie, 1980),
¢dunreput Cu1102(V0O4)s (Hughes, Hadidiacos, 1985), nuoncur CusFes(VOs)s (Hughes et al, 1987D),
makoupHent Cuz(VOas)2 (Hughes et al., 1987a), 6moccur a-Cu2V207 (Robinson et al., 1987),
roBapmeBancuT NaCuFeo(V0.)s (Hughes et al., 1988). Ho TeM He MeHee, IMEHHO BYJIKaHUYECKHE

SKCTASIIIUN MIIAKOBBIX KOHYCOB Bombioro tpeunmuaoro TonbaunHckoro u3BepskeHust 1975-1976
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IT. OTJIMYAIOTCS HauboJsiee pazHOOOpa3HOW (GymMapoIbHON BaHAJAMEBOW MHMHepanu3amuen. Tak, Ha
CErOIHANIHUIA JIeHb HA 5TOM OOBEKTe BIIEPBBIE OTKPBHITHI U M3ydeHBI CIeAylolue MUHepaisl Vo
(Banagat-uon (VO4)*) u V* (Bamamun-uon (VO)?"): nemunrpamur PbCus(VOa).Cl, (Bepracosa u
ap., 1990; Siidra et al., 2007), konmapcut CusO2((As,V)04)CI (Vergasova et al., 1999; Starova et al.,
1998), aBepreBuT Cus02(V0Os)2-nMClx (M = Cu, Cs, Rb, K) (Bepracosa u ap., 1998; KpuBoBuues u
ap., 2015), ncepnonmoncut Cuz(VOas)2 (Zelenski et al., 2011), crapoautr KCusO(VO4)3 (Pekov et
al., 2012b; Pekov et al., 2013a), spomesckur CugsO2(V04)sCl> (Pekov et al., 2012a; Pekov et al.,
2013d), rpuropsesur CusFe®*,Al(VO4)s (Pekov et al., 2013c; Pekov et al., 2014a), kaiiHOTpOIUT
CusFe02(V207)(VO4) (Pekov et al., 2015b; Pekov et al., 2020a), 6opucenkour Cus((V,As)Oa)2
(Pekov et al., 2016; Pekov et al., 2020b), noxyuaeBut CugO2(VO4)3Cl3 (Siidra et al., 2018c; Siidra et
al., 2019c), aneyrur Cus02(As04)(VO4):(Cu,K,Pb,Rb,Cs)Cl (Siidra et al., 2018b; Siidra et al.,
2019b), a tarxxe maydaepur B-VO(SOs) (Krivovichev et al., 2007), kaprnosut Tl2VO(SO4)2(H20)
(Vergasova et al., 2013; Siidra et al., 2014b) u esnoxumosut Tla(VO)3(SO4)s5(H20)s (Siidra et al.,
2013; Siidra et al., 2014a). Kpome TOr0, CTOMT H00aBUTh, YTO BaHAIUCBAsi MUHEPATH3AINS TAKKE
OblTa yCTAaHOBJICHA CpPEIU TMPOAYKTOB (DyMapoiabHOW JEATEeIbHOCTH BYJIKaHAa be3bIMSHHBIN,
otHocsierocst kK KitoueBckoil rpynmne BynkaHoB KamuaTku, 37ech OBIITM OTKPBITHI U U3YYECHBI
kokmapout CaMgaFes(VO4)s (Pekov et al., 2013b; Pekov et al., 2014a) u sumunant FeVO4 (Pekov
et al., 2015a; Pekov et al., 2018c).

JJ1st SKCTansMoOHHOW MUHEpaIu3auy B pymaposax Byikana Tondaunk XxapakTepHbl YCIOBHS
pe3Koro rmepemaaa TeMIepaTyp, aTMOc(epHOro AaBlEHUS, a TaKXKe MaplUaTbHOTO JaBICHHUS
KHCJIOPO/1a, TPH ATOM OCYILECTBIIIETCS BBIXO/ TOPSUYMX ra30B Ha OBEPXHOCTH (TEMIIEpaTypa MOXKET
nocturatb a0 1000°C). BcenenctBue dTHUX  (PU3MKO-XMUMHUYECKHUX (AKTOPOB  MPOUCXOIUT
npeoOpa3oBaHue BYJKaHUTOB M OOpa3oBaHME MHHEpaJbHBIX arperatoB (Bepracosa, ®wuatos,
1993). BynkaHuueckuil ra3 urpaeT pojib MEpeHOCUYHKa (TPaHCHOPTUPYIOLIETo areHTa) OOJIBIIOro
KOJIMYECTBA  pa3HOOOpa3HBIX  COEJMHEHUH, 4YTO  CHWJIBHO  CHOCOOCTBYET  IIIyOOKOMY
(GpakIMOHUPOBAHUIO KOMIIOHEHTOB. B (OpMHpOBaHMM XHMHYECKOTO COCTaBa MHHEPAIBLHBIX
accoruanui BYJKAaHUYECKUX OKcrajmsanuid Tombauwmka, B 1€JIOM, TMPUHUMAIOT ydactue 24
BHI000pa3yIOIIMX 3EMEHTa IpH Temmepatypax 600-900°C: Cu?*, K, Al, Zn, Ca, Pb, Mg, Fe**, Cu*,
Na, Cd, Te, Bi, Si, Mo, O, CI, H, S, Se, As, V, F, C (Bepracosa, ®unaros, 2012). ITo gacrote
BCTPEUaEMOCTH B KATHOHHOM YacTH YCTaHOBJIEHHBIX MUHepasiax TonbaunHckoro u3Bepxkenus 1975-
1976 rr. naubosiee pacmpocTpaHeH, TOMHUMO Meau, kanuil (Bepracosa, ®unatos, 2012; 2016).
®a30BeIid  cocTaB  (pyMapodpbHONW MHHEpaIH3allM MEHSETCS C Y4eTOM OKHCIHTEIhHO-
BOCCTaHOBUTEJIBHBIX YCJIOBUH M COCTaBa ra3a, KOTOpbIE ONpeaessioT (GopMy mepeHoca METIIOB
WX JIETy4eCTh. TpaHCIIOPTUPOBKA KOMIIOHEHTOB C Pa3HOM CTENEHBIO JIETy4eCTH B ra3zoBoi (ase, a

TaK)Ke TEeMIIEpaTypHBI TpaJueHT oO0yciIaBIMBAlOT (OPMUPOBAHUE XUMHUYECKOW 30HAIBHOCTH
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bymaponbHbIX oTiokeHui (Mensiinos u ap., 1980; Symonds et al., 1987; Symonds, Reed, 1993;
Vicandy, Minoru, 1993; Signorelli, 1997; Signorelli et al., 1998; Cheynet et al., 2000; Africano et al.,
2002). Ctoutr OTMETUTH, YTO OOJBIIAS YACTh BIIEPBBIC OTKPBITHIX M HM3Y4E€HHBIX TOII0auMHCKUX
MUHEPAJIOB OOHApY>KEHA B OTVIOKEHUSIX pyMapos Broporo nuiakoBoro konyca CeBepHOro mpophbiBa
BTTH, xoTopblil IBASETCS MOLUIHBIM OYaroM pasrpy3ku (pIroUIHBIX MAcC, OTBEYAIOIIUX OCHOBHOMY
00bemy uznusuxcs jas (Genoros u ap., 1984; Bepracosa, ®unaros, 2012; 2016).

HeonHo3HayHO mOBeAeHUE BAHAAUS 6 cUOpOmMepMaibHom npoyecce. YacTo (HO HE Bcerja)
BaHAIWH KOHICHTPHPYETCS B HH3KoTemmeparypHbix Pb-Zn m Cu-Pb-Zn pymax, cBs3aHHBIX ¢
KapOOHATHBIMU TONIIAMH. [ TaBHBIMU PYJHBIMU MHHEpAJaMU BBICTYMAIOT TAJICHUT U CQalepur,
MEHBIIIAM COJCPKAHUEM XapaKTEPU3YIOTCS XalbKO3WH, OOPHUT, MUPUT U JIp. B 30HAX OKHUCIICHUS
TaKUX TMOJUMETALINYCCKUX pPyJ HAOMIOJAIOTCS caMble pa3HOOOpa3HbIe MHUHEpAbl BaHAIWS,
o0pa3oBaHHBIE B pe3y/lbTaTe OKHUCICHHSA NEpBUYHBIX pya. K TakuM MHUHepanam OTHOCSATCS
BaHaaueBble coeaunenus: BanaguHuT Pbs(V0s)3Cl (Kenngott, 1856; Kingsbury, Hartley, 1956),
mortpamMuT PbCu(VO4)(OH) (Bannister, 1933; Kingsbury, Hartley, 1956), nekiyasur
PbZn(VO4)(OH) (Bannister, 1933; Kingsbury, Hartley, 1956), a Taxxe munepainsr Pb, Zn u Cu -
MUMETH3UT, ByIb()EHUT, aHTJIE3UT, [IEPYCCUT, a3yPUT, MajaxuT U Ap. [IocKoIbKy MEepBUYHBIE PYIbI
HE coJep)kKaT BaHaJIWM, J1MO0 BMEMIAIOT ero B O4eHb Mainbix konuuectBax, C.C. CmupnoB (1955)
MPEITOJIOKII, YTO BaHATUH MOXKET OBITh 3aWMCTBOBAaH OKHUCISIFOIIMMHCS MHUHEpalaMH U3
MOBEPXHOCTHBIX BOJ. MMeercs W JIpyroe MpeAroioKEHUE, KOTOPOE 3aKIFYaeTCs B TOM, UTO
OKHCJICHHE TEPBUYHBIX PYJ U IMOCIEayollee mepepacipeneicHiue BaHaausl, 3aMMCTBOBAHHOTO U3
HUX, IPUBOIUT K KOHIICHTPAI[MH ITOTO dJIeMeHTa B 30He okucnenus (Foshag, 1934).

Bonbiioe pacnpocTpaHeHHE MMEIOT MUHEpAbl BAHAIMS 2UNEPSEHHO20 NPOUCXOHCOEHUSL.
Cpenu CKOIUICHHWI BaHAJWS OCAJ0YHOTO TPOUCXOXKIACHHUS BBIACISAIOT CUHTCHETHYECCKHE U
smureHeTudyeckue KoHmeHtparuu (Xomomos, 1968). K CHHTeHETHYECKUM KOHIEHTPALUSIM
OTHOCSITCSI BAHAJIUICOIEpIKAIINE POCCHITIH, KeIe3HbIE PYAbl, OOKCUTHI, YTIH, (OCPOPUTHI, a TAKKE
OTYACTH BaHAJMCHOCHBIE KPEMHHUCTO-YIJINCTBIE M TOpIOYME CiaHIbl. Bce 3T oOpa3oBaHHS
MIPEUMYIIIECTBEHHO (OPMUPYIOTCS Ha TIEPBBIX dTanaxX CEAMMEHTAIMOHHOTO IPOIlecca, B CTAIHI0
CeIMMEHTAIMU WK quareHe3a. OHU 3a1eraloT COTIACHO C BMEIIAIONUMU TIOPOJIaMU U H3MEHSIOTCS
COOTBETCTBEHHO C UX (panuaabHBIMU NIEPEeX0/IaMu. BoIbIyto poib cpeau KOHIEHTpalluii BaHAIUS B
pe3yibTaTe TUIepreHe3a MEIOT BaHAIMEHOCHBIC POCCHITA TATAHOMArHETHTOB, HMEIOIIHE IITHPOKOE
pacmipocTpaHeHHE B paifOHaX Pa3BUTHS COBPEMEHHBIX U JIPEBHUX BYJIKAHHYECKHUX TIOPOJT OCHOBHOTO
cocraBa. Kpome Toro, BaskHbIM (haKTOpOM 00pa3oBaHUsl POCCHITICH V-TUTAaHOMAarHETUTOB SIBISICTCS
pacmpocTpaHeHHE KOpP BBHIBETPUBAHMSI, UMEIOIINX OTHOIIEHUE K YIIbTPAOCHOBHBIM WM OCHOBHBIM
nopogaM. B cBA3M ¢ yem cuMTaercd, 4YTO TYMUAHBIA KIMMaT SIBISETCA XapaKTepHbIM U

COMYTCTBYIOIIMM JIJIsl BAHAIUEHOCHBIX pocchitielt (Ctpaxos, 1960).
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B oTinume oT CUHreHEeTHUYECKUX, InuceHemuieckue CKOnleHus BaHalus OTHOcATCA K Oosee
MO3/IHUM CTaJusIM OCaZ04YHOTO Tmpolecca (KaTareHe3, BBIBETPUBAaHUE, MeTaMOphHU3M) B YyKe
oopMUBIIMXCS OCAaTOYHBIX ToOpojax. K TakoBBIM OTHOCATCS POCKORIIUTOBBIC CKOIUICHHS B
NecuYaHrKax, ypaHOBaHaJueBble, HEPTsIHBIE U acanbTOBbIC BaHAJAMEHOCHBIC 3anexu u ap. Ilpu
(bopMUPOBAHUN CKOIUICHWN BaHAJMs B YKA3aHHBIX OTJIOKEHUSAX BEIYIYIO POJIb UIPaeT MapareHes’
BaHAJIUA C KPEMHHEM, IPUPOJIOH KOTOPOT0 MOKET BBICTYHATh GIM30CTh paguycoB HoHOB Vo' u Si**,
a TaKkKe XapakTepHoe Uil 000MX ydacThe B KOJUIOMIHBIX mporeccax (Xomomos, 1968). s
YKa3aHHBIX T€0JIOTMYECKUX 00CTaHOBOK MPEII0JIaraeTcs, YTo, Npyu MHPHILTPALMU CYIb(PaTHBIX BOJ
B MacCUB KapOOHATHBIX TOJII U B pe3yJbTaTe aHadPOOHOTO OKHUCIEHHUS OPTaHUYECKOTO BEIeCTBa
KpaeBoil yactu He(TsHOU 3anexu, Gopmupyercs u30biTok COz, ydacTBYOIHNA B PACTBOPCHHH
KapOOHATOB M OTJIOXKEHUHM KpeMHEKHCIOoThl (Xomomos, 1968, c. 221). KpemHe3em u BaHagaThl
NPUHUMAIOT YYacTHE B 3aMEIICHUU OTJENbHBIX YacTel TmacTa, OTKIAAbIBAasCh B BHJE
KOHKPEIMOHHBIX TeJ, BCIEACTBHE YEro, MOBBIIICHHbIE KOHIIEHTPALIMK BaHAUS YCTAaHABIMBAIOTCS B
OKpPEMHEJBIX YacTAX miacta (Xo10/108, 1968). B yriucro-KpeMHUCTHIX ClIaHIIaX 4acTO BCTPEUAIOTCS
POKUIIKH, 00pa3oBaHHbIe KBapieM, Gonsboprurom CuzV207(0OH).2-2H.0 (Hess, Volborth, 1838),
typaruToM Cus(VO4)2(OH)4 (Sokolova et al., 2004), pockoamurom *'KV(V3*, 0)V(AISiz)O10(OH),
(Brigatti et al., 2013) u Banaauii-comepxammm antpakcoaurom (Dunn, Fisher, 1954).

OtaenpHOE BHUMaHUE CIEAYeT YACTUTh BaHAIUEHOCHBIM OTJIOXKEHUSM THUIA )21epOooucmo-
KpeMHUCMbIX ClaHYes ANe030MCKUX WIN HUKHENAIE030MCKUX TOJIII, OCOOBIM MHTEpEC B KOTOPBIX
BBI3BIBAIOT (halliM HETIYOOKHX BOJOEMOB THIIA TPOJMBOB. OJTH BOJOEMBI MOTJIA BBICTYIIATh
OacceilHOM oOcaJIKOHAKOIJIeHUs MpeoOpa30BaHHOIO MaTepuana OCHOBHOI'O COCTaBa, MEPBHYHBIM
BEIIECTBOM JJIsi KOTOPOTO SIBJSUTUCH IOPOJI OCHOBHOTO COCTaBa MPEIIIECTBYIOUIEH 3MOXU
MHTCHCUBHOTO ByJaKkaHu3Ma. K MMOMOOHBIM TMPOSBICHUSM MOXHO OTHECTH (DOIBOOPTHTOBYIO
MUHepanu3anuo LleHTpanbHOM A3MM, NPUYPOUYEHHYIO K BaHAJAUEHOCHBIM  YTJIEPOJIUCTO-
KPEMHUCTBIM CJIaHIIaM, KOTOpBIE MPOSBISAIOTCS BAOJb mpearopuit Amaiickoro xpe6ta (FOxnas
@eprana), Llentpansubix Kei3piikymoB (Y36ekucran), xpedta Kaparay, rop [xebarnsl, Yiyray
(Kazaxcran), BKIIto4Yas yriiepoJucTO-KPEMHHUCTBIE CIaHIBI Foro-Boctoka TsHb-Ilans (Kupruswms)
(AnxkuHoBHY ® Ap., 1963; AnkunoBuu, 1964; Antunos, 1908; Kapmenko u ap., 2016). Otm
OTJIOKEHUSI BXOJAT B COCTaB KPYIMHOW BaHaAUEHOCHOW mpoBHHIMHU (XomomoB, 1968). Ilo
KOJIMYECTBY BaHAIMEBBIX MUHEPAJIOB 3Ty MIPOBUHIINIO IPEBOCXOINT JIUIIH TPYIINA ypaH-BaHAIUEBBIX
mectoposxaenuii iato Komopamo (CIIIA) (Shawe, 2011).

Bbonbioit uaTEpEC, ¢ TOUKHM 3pEHUS] MUHEPATLHOTO Pa3sHOOOpa3Hsl, a TaKKe Ie0JIOrHUYecKUX U
(GU3UKO-XMMHUYECKUX YCIOBUH 0OOpa3oBaHMs, MPEICTABISIOT VYPAHOBAHAOUEBble CKONJICHUSL.
HarnsaaeiM mpuMepoM sBiisieTcst MecTopoxaeHue Troa-MyroH, pacrnosararoneecss Ha COBpeEMEHHON

tepputopun Kupruszuu B 10xHOM yactu Depranckoit mommubl Omickoit obnactu. Tros-MyroHckuit
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pajueBbIl PYAHHMK pacrioyiaraercsi Ha CeBepHOM Oepery peku ApaBaH Ha I0KHOM CKIIOHE
OJTHOMMEHHOT'O I'PeOHsI, OTHOCSIIErocsl K ceBepHOMY AutaiickoMy XpeOTy 10xkHbBIX Top Tsnp-Ilans.
K pynonocHeiM cTpykTypam Tros-MyroHCKOro pyaHuKa oTHOCsTCs ['1aBHast pyiHas xuiia (F0KHBIN
ckJioH PanueBoil ropel), TOJI0BbI MHOTOYHMCIEHHBIX HOMEPHBIX >KUJI PYIHOTO MOJsS (CEBEpHBIA U
IO’KHBIM CKJIOHBI I'peOHs), a TaKKe MHOTOYMCIICHHBIE KapCTOBBIE MOJOCTU rpeOHsA. YpaH B Trog-
Myrone 6bu1 00Hapy)keH B 1902 r., a yxe k 1913 1. 6b110 n3BieueHo okosno 1000 T pynst. Uctopus
WCCIICIOBAHMSI JTOTO OOBEKTa BKIIOYACT MACCATUICTHS AaKTHBHOTO W3YYCHHS MHHEPAIbHBIX
accouuanuid W J0OBIYM TEPBOTO COBETCKOTO paausi, OOHapyxeHHoro B pyaax Tros-MyroH.
bonbumHcTBO HecnenoBatenei Tosa-MyIOHCKOTO MECTOPOXKIEHUSI OTHOCST €T0 K TUITY 3allOTHEHHUS
KapcToBbIX moJiocTeil (Anekcanapos, 1923; depcman, 1928; Cynoes, I[lonomapes, 1934;
CmonbsauHOBa, 1970; Kazanckuii, 1970). Mecropoxnenue Tros-MytoH NpuypoYeHO K OTJIOKEHUAM
MAJe030MCKOr0 BO3pacTa, MPEICTABICHHBIM HI)KHEKAMEHHOYTOJIbHBIMH MAaCCUBHBIMU CHJIBHO
3aKapCTOBaHHBIMH, MECTaMH MePEeKPUCTATIIN30BAHHBIMH U3BECTHSIKAMHU. Crpykrypa
OKOHTYPUBAECTCS B CEBEPHOM M FIOXKHOM YaCTAX TEKTOHMYECKUMHU KOHTAKTaMHU C MOIIHOM
BEPXHECHITYPHICKOW TOJIIICH TITMHUCTO-YTIIUCTBIX M KPEMHHUCTHIX CJIAHIIECB, IECYAHUKOB U TY(DOB.
Paznompl  COMpPOBOXKAAIOTCS MHOTOYUCIEHHBIMH —TPEIIMHAMU, B KOTOPBIX BIIOCIEACTBHH
oOpa3oBanuch Xuibl. Tak Ha3pIBaeMasi, «pepraHckas» pyaa, u3 KOTOpoii T0ObIBAIHUCH YpaH, BaHAIUN
1, B OOJIbIIIEH CTETIEHHU, PaIuii COCPETOTOUCHA B KAJTbIIUTOBBIX U OAPUTOBBIX TEIaX, OTHOCSIIUXCS K
JPEBHUM KapCTOBBIM IIOJIOCTSIM B paHHEKapOOHOBbIX u3BecTHskax (Kaszanckuii, 1970). B
PYIOHOCHBIX MpaMoOpax C COMYTCTBYIOUIMM KBapI-OapUTOBBIM OPYIECHEHHEM OTMEYalOTCS
MHOrouuciaeHHble ckomieHus TiosmyHuta Ca(UO2)2(V0s)2:5-8H20 (Chirvinsky, 1925), Tanrenta
CaCu(VO4)(OH) (Henankesuu, Boukos, 1926), Typanuta Cus(VOa4)2(OH)4 (Sokolova et al., 2004),
neckiyasura PbZn(VO4)(OH) (Bannister, 1933; Kingsbury, Hartley, 1956; CmonbsaunoBa, 1970),
BanaguauTa Pbs(VO4)Cl (CmonbsuuuoBa, 1970), a Take ¢oabdoptura CusV207(OH)2-2H20
(I'mnra u ap., 2021).

Bonee Heo1HO3HAUHOM MOXKET OKA3aThCS ACCOYUAYUA BAHAOUSL C OPSAHUYLECKUM BEUeCBOM,
ATOM TeMe MOCBSIIEHbB MHOTHE UCCIEA0BaHUS OT€YeCTBEHHBIX yueHbIX (OproB, Ycnenckuit, 1933;
Crpaxos, 1937; Kpamennaaukos, 1957; Teomoposud, 1958; Xononos, 1960). bnarogaps usyuenuro
BaHAJIMCHOCHOCTH HE(PTEH U TBEPIbIX OUMYTOB OBLIO YCTAHOBJIIEHO, YTO BAHAIMK B HUX CYIIECTBYET
B TPEXBAJEHTHOM COCTOSIHMM, a €r0 KOHLEHTpAIMU CBSI3aHbI C COJAEPXKAHUEM B HUX CMOJIUCTO-
achanpreHoBbIX  kommoHeHToB  (Illatckuii, 1943). MHccnemomatensmMu 3THUX  OOBEKTOB
npernoiaraeTcsa, 4YTo BaHAIWM, C TOYKM 3PEHUS XHUMHHU, BEPOATHO Y4acTBYeT B OOpa30BaHHUU
KOMIUIEKCOB ¢ MOppupUHaMH, (QeHOoJaMH, aMUHOCOCAMHEHUAMU U JIPYTHMMH  CIOXHBIMU
oprannyeckumu BemectBamu (YcneHckas, 1952). Cuuraercs, 4TO B MPOUCXOKIECHUU CKOIICHUM

BaHaausa CCTb JIBa BO3MOJXXHBIX BapHaHTa pa3BUTUA: BaHaIII/Iﬁ HAKaIuIMBacTCA TIPHUIKU3HCHHO
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MOPCKMMHU OPraHU3MaMH U 3aTeM IOMaaeT B HeTh BMECTE C UCXOAHBIM OPraHUYECKIM BELIECTBOM
(Cragnuxos, 1937; Ykmnonckuid, 1940), nubo oH HaKarauBaeTcs y:ke c(hOpMUpPOBABILEHCT HEPTHIO
U3 TMOJ3eMHBIX BOJ U Hedrecomepxkanmx nopos (Paguenko, [lemmuna, 1956). C reoxuMudeckoi
CTOPOHBI BOIpPOCA, MaparcHe3uC BaHAAMUS C OPraHMYECKUM BELIECTBOM OOYCIIaBIMBAETCS €ro
CKJIOHHOCTBIO K (POPMUPOBAHUIO KOMILIEKCHBIX METAJNIOOPTaHUYECKUX COCAMHEHUM, a TaKKe ero
KaTaJIMTHYECKUMHU CBOHCTBAMHU.

Taxum 06pa3om, Bce pa3HOOOpa3ye THUIIOB MPUPOIHBIX BAHAAUEBBIX CKOIUICHUN B OCaJOYHBIX
opojax M pylax MOXET ObITh ONHCAaHO B HECKOJIBKHX T'€OXMMHUYECKHUX MapareHe3ucax,
XapaKTEepU3YIOIIMX MOBEIEHUE 3TOTr0O AJIEMEHTa B TUIIEPreHHBIX mporieccax (Xonoaos, 1967a):

-maparenesuc V' ¢ THTaHOM U jKele3oM, OCOOEHHO XapaKTepHBIH I MarMaTH4eCKUX
NPOIIECCOB M OJylarojapsi YCTOWYMBOCTH BaHAJAMEHOCHBIX MuHEpaaoB 11 u Fe (pocchinm)
HACJIETYIOIIUNCS B TOBEPXHOCTHBIX YCIOBHIX B PE3yJbTaTe TUIIEPreHes3a;

-mapareHesuc V°' ¢ TIHMAPOOKMCIAMH 3Kele3a, OOBACHSAEMBbIH IIpolleccaMy  COpOLHH,
XeMOCOpPOIIMM W CIIOCOOHOCTBIO K  (POPMHPOBAHUIO COCNMHEHWH 1O TuUny (QepBaHHUTa
Fe®"4(VOa)s-5(H20) (Hess, Henderson, 1931);

-maparenesuc V°' ¢ opraHMuecKiM BEIECTBOM, KOTOPBIH 00YCIaBIMBAETCS CIIOCOOHOCTHIO K
(GOpPMHPOBAHNIO KOMIIEKCHBIX METAUIOOPTaHUYECKUX COCTMHEHUH;

-maparenesuc V' u V°' ¢ kpeMHHEM, OOBACHSIEMBIH CXOKHMH XMMHUUYECKHMH YCIOBHAMH
OCaXKJICHMS,

-mapareesuc V' ¢ amomunumeMm  (GOKCHTBI),  HabmiogaeMblii  BCIIEICTBHE
KPUCTANIOXUMHUYECKONW OJIM30CTH ITUX DJIEMEHTOB, a TaKKe CIOCOOHOCTH TIMHUCTBIX MHUHEpPAJIOB
copOMpOoBaTh BaHAIUMN U3 BOJIBI,

-mapareHesuc V' ¢ XpoMoMm,  OOyCIHaBIMBAaEMBI  ONM30CTBIO  XMMHYECKHX,
KPUCTANIOXUMHUYECKUX M (PU3HMUECKUX CBOWCTB 3TUX MEPEXOAHBIX METAJIIOB.

PaccmoTpeB Bce BO3MOXKHBIE T'€OJOIMYECKHE OOCTAaHOBKHM, OTBEYAIOIIME 3HAYUTEIHHBIM
COJICpKaHUSIM BaHAMs, CTOUT OTMETUTh, YTO HaWOOJbIIEe TPOMBIIIIEHHOE 3HAUSHHE TI0 3amacaM
BaHA/IMsl XapaKTEPHO TSI CHHTCHETHYECKUX KOHIEHTpAIHid (’KeJIe3HbIE PY/IbI, POCCHIITU U YTIIACTO-
KPEMHHUCTBIE CIIaHIIbI), TOTJa KaK 10 J0ObIYe BEAYIIYIO POJb UTPAIOT SMUTEHETHYECKUE CKOIIJICHUS

(POCKOAITUTOBBIE, ypaHO-BaHAMEBbIE PY/Ibl, aC(HaTbTUTHI).

1.4. OO6ume cBeeHUsI 0 MATHUTHBIX cBolicTBaX KaTuoHOB Cu?™ u V4

CoenvHeHUs KaK JABYXBAJICHTHON MU, TaK M YETHIPEXBAJICHTHOTO BaHAIUS OTIMYAIOTCS
UCKITIOYUTEIbHBIMA MarHUTHBIMH CBONCTBaMH, OOYCIIOBJICHHBIMH HHU3KOW Pa3MEPHOCTHIO TaKHX
CUCTEM, a TaKX€ KOHKYPEHLHMEW MeXIy pa3IuyHOro poJa MarHUTHBIMH B3aUMOIECHCTBHUSIMH.

[Tpupona mogoOHBIX HAOMIOAAEMBIX SBICHUIN KPOETCS B 3JIEKTPOHHOM CTPOSHHH PacCMaTPUBAEMBIX
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MOHOB, a TaK)K€ KBAaHTOBBIX 3(h(eKTax, CBOMCTBEHHBIX JJIsl CIUH-Y2 HECIAPEHHBIX NEKTPOHOB. s
coeqmHEHHi, coaepskammx oda mona Cu®* u V4| oxunaroTcs yHUKanbHbIE MaTHUTHBIE CBOMCTBA,
OTHOCSIIIECS K HHU3KOPa3MEpHOW (QPYCTPUPOBAHHOW mpupoae MarHetusma. [[isi moHMMaHUs
JaHHBIX SBJIIGHUN CIEAyeT JeTalbHO pa3o0paTbCsi B OCHOBOIOJATAIONIUX ONpEeAeTICHUsIX

Marda€TusMa, 4TO BBEIIIOJTHEHO B CIICAYIOIINUX naparpa(bax HaHHOﬁ I'JIaBBbI.

1.4.1 Hwu3skopa3MepHble MATHUTHBIE CHCTEMbI

Ha cerognsmHuii neHb, Hanbolee akTyalbHOW OOJACTBIO HCCICAOBAHMH COBPEMEHHOM
(U3HKN KOHJICHCUPOBAHHOTO COCTOSIHUS IPEICTaBIsieTcss (PU3MKa KBAHTOBBIX KOOIEPATHBHBIX
SBJICHUH. B X 4MCII0 BXOJAT TaKue SBJICHUS KaK MarHETU3M, CBEPXIIPOBOAMMOCTb, BOJIHBI CITMHOBOM
IUIOTHOCTH, BOJIHBI 3apsIOBOM IMJIOTHOCTH, 003€-3MHIITEHHOBCKAs KOHJEHCAIMS, CBEPXTEKYy4eCTh
(Bacunbes u np., 2018). Cpenu HETpUBHATBHBIX MATIOU3YYCHHBIX SIBJICHUN 3TOM 00J1acTU OOJBIION
WHTEPEC I MHOTHX MCCIIeI0BaTeNel MIPEACTABISIET (PU3HKA HU3KOPAa3MEPHBIX MArHUTHBIX CUCTEM.
Huskopa3mepHbIii MarHeTu3M YCTaHABIIMBACTCS B CHCTEMAaX OPraHUYECKUX WM HEOPTaHUYECKUX
KOMIIOHEHTOB, TJI€ WOHBI, SBIISIFOIIUECS HOCUTEISIMH MArHUTHOTO MOMEHTA, BBICTPAMBAIOTCS B
TPYIIBI HIIK KOMILIEKCHI TPYIII € BBIPAKEHHOM MOHMKEHHOW pa3MepHOCThIO. U, eciii B TpexMepHOM
00BEKTE pacCTOSIHUE W TUANa30Hbl B3aMMOJICHCTBUI MEKIy MAarHUTHBIMU HOHAMHU DKBHUBAJICHTHBI
M0 BCEM TPEM HANpaBJICHUSIM, TO B CIy4dasX HHU3KOPAa3MEPHBIX CHCTEM TPOSBISETCS pe3Kas
AHU30TPOIHS SIBIICHUH BIIOJIb OIpeIeIICHHBIX HanpaBieHuit (Bonner, Fisher, 1964; Katsumata, 1997;
Starykh, Balents, 2004).

B HH3KOpa3MepHOM MarHeTu3Me KBaHTOBBIE A((EKTHl MPOSABIAIOTCS Haubolee SPKO B
cucreMax, oOpa30BaHHBIX MOHAMH C HU3KUM 3HAYCHHEM CIUHA. B HEOpraHndeckoil XUMHUH 0COOBI
UHTEpEC MPEACTABIAIOT COeAMHEHHS IByxBaeHTHON Meau (Inosov, 2018; Shores et al., 2005; Hiroi
et al., 2019) u uersipexBasienTHOrO BaHaaus (Tsirlin et al., 2010; Wang, Tsai, 1996), uto cBsizaHo ¢
MarHUTHBIMHU SIBICHUSIMHM, BO3HUKAIOIIMMHU H3-3a CJIOXHBIX CETOK CIHMH-72 3TUX HOHOB. BaxkHOM
0COOEHHOCTBIO ITHUX 3JIEMEHTOB BhICTyMaeT TOT (akT, yto CU m V SBIAIOTCS nepexoaHbivu -
MeTaJUlaMH, U B HUX HauOoee sipko mposieisieTcs addext Ana-Temrepa (bepcykep, 1987; Halcrow,
2013; Hupenscon, 2014). dna uonos Cu?" u V*, KoTopble UMEIOT 2IEKTPOHHbIE KOH(MUIYpaIHH
[Ar]3d® u [Ar]3d! cooTBeTcTBEeHHO, XapakTepHO HAJMYUE OJHOTO HECTAPEHHOTO AJIEKTPOHA CO
CIIUHOM Y2, 3((EeKTUBHBI MarHUTHBIH MOMEHT [leff KOTOporo paBeH 1.73 ugp. B Takux cucremax
MPOUCXOAAT OOMEHHBIE MAarHWTHBIE B3aUMOJEUCTBHUS J MEXIY JABYMS MarHUTHBIMH II€HTpPamMH
aTOMOB, TEM CaMbIM CIIHHBI HECIAPCHHBIX (-3JICKTPOHOB IICHTPOB METAJIOB MEPEKPBHIBAIOTCS C
OpOUTAIIIMU COCETHETO JIEKTPOHA.

I moSHOTO TMpeNCTaBiICHHs] pEealM30BaHHBIX HETPUBUAIBHBIX MArHUTHBIX SIBJICHUHM B

Pa3iIUYHBIX CTPYKTYypax HGO6XOILI/IMO IIOHUMAThb O6H_II/IC ACIICKTBhI TUIIOBBIX MAarHHWTHBIX
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yrnopsiaodeHui. Tak, MarHUTHBIN MOPSIIOK, KOT/la B YCIOBUSIX OTCYTCTBUS BHEUIHETO MarHUTHOTO
MOJIS1 MArHUTHBIE MOMEHTHI OT/EIBHBIX aTOMOB WJIM MOJIEKYJ OPUEHTHPOBAHBI PABHOBEPOSTHO 110
BCEM HAIPaBICHHUSAM, HE HMEs KaKOro-aubo pe3yabTHPYIOLUIET0 HANpPaBICHHUS YIOPAJOUYCHHUS,
KJIacCU(UIUPYETCsT KaK MapaMarHUTHOE COCTOsIHUE cucTeMbl. 1lon BozaelcTBHEM TemmepaTyphl
paBHOBECHE CHCTEMBl MOXET CIBUTATbCs, MU B peE3ylbTaTe TEIUIOBOTO JBI)KEHUS YaCTHII
HANpaBJICHUS MAarHUTHBIX MOMEHTOB TaKXXE€ MOXET HENPEPhIBHO MEHATHCA, HO NpPU STOM
PE3yIABTUPYIOUIMIA CPeHUI MarHUTHBI MOMEHT MapaMarHUTHOTO BEIECTBA OYAET BCErza paBeH
HYJIIO B YCIIOBUSIX OTCYTCTBUE BHEIIHETO MAarHUTHOT'O TIOJISI.

Jpyroii MarHuTHBIM cleHapuil peanusyercss B ¢eppomMarHuTHOM coctosinuu (FM), ans
KOTOPOTO YCTaHABIMBACTCS pPABHOHANPABICHHOE TNapaJUIeNbHOE YIOPSAAOYCHHE MAarHUTHBIX
MOMEHTOB BHYTpH Bceid cucrtembl (Ising, 1925; Heisenberg, 1928). OOparnas curyanus
HANPaBIEHHOCTH MArHUTHBIX MOMEHTOB HaOmoJaeTcss B ciiy4ae aHTH(PEPPOMArHUTHOTO
ynopsigodenust (AFM), 3mech CHOUHBI aTOMOB WM MOJEKYd NPUHUMAIOT aHTUIApaUIeNbHOEe
HarpaBJICHUE JPYr OTHOCHTEIBHO JAPYra, 4TO OOYCIIaBIMBACT MPHCYTCTBHE HAMArHMYCHHOCTH B
yCIOBHAX OTCyTCTBHS BHemHero mnois (Mermin, Wagner, 1966). Taxxke pasnuuaercs
(beppuMarHuTHOE COCTOSIHHE CHCTEMBI, IPU KOTOPOM MarHUTHBIE MOMEHTHI aTOMOB Pa3IUYHBIX
HOJPEUIETOK  OPraHM3YyIOTCS  MOXOKUM  aHTHNapajuleIbHBIM — 00pa3oM, Kak B  cilydae
aHTH(EepPPOMArHETUKOB, HO TIPU 3TOM MOMEHTHI Pa3IMYHBIX MOAPEHIETOK HE SKBHBAJICHTHBI, YTO
NPUBOJUT K OTIMYHOMY OT HYJS PE3yNbTHUPYIOIIEMY MOMEHTy. DeppuMarHuTHbIE MaTepHaibl
XapaKTepU3yIOTCsS JOMEHHOU CTPYKTYpPOIl, KOTOpast MOXKET COCTOATh U3 IBYX M 0oJiee MOApeIeToK,
pacroyiaraloluxcst Ipyr OTHOCUTENIBHO Apyra aHTHIAapajuleabHO. Takue MoJpemeTkl MOryT ObITh
CJIO’KEHBI aTOMaMH WJIM HOHAMH Pa3IIMYHBIX XMMHUYECKHX 3JIEMEHTOB, XapaKTEPH30BaATHCS Pa3HBIM
COOTHOIIIEHHEM KOMIIOHEHTOB, M, KaK CJEJICTBHE, PA3JIMYHBIMH I10 BEIMYWHE MAarHUTHBIMU
MOMEHTaMU. DTO 00yClIaBIMBAaeT BOSHUKHOBEHHE PAa3HOCTH MAarHUTHBIX MOMEHTOB IOJIPELIETOK,
BBI3BIBAIONICH CIIOHTAHHOE€ HaMarHW4YMBaHWE Takoro wmarepuanga. M3 sToro cuemyer, 4YTO
(bepprUMarHuTHBIE CHCTEMBI MOKHO PacCMaTpHBaTh KaK YaCTHBIE CIIydau aHTH(EeppOMarHeTu3Ma ¢
HeCKOMITeHCHpOoBaHHBIMU MoMeHTaMmH (Ising, 1925; Heisenberg, 1928; Mermin, Wagner, 1966). Ha

pPHCYHKE 2 MPUBEIEHbI IPUMEPbI OMMCAHHBIX MArHUTHBIX YIIOPSI0YCHHH.
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MapamariutHoe deppomarduTHoe AHTUeppomarduTHoe deppumardutHoe

BewecTso - BeLecTBo - BewecTso - BELleCTBO -

MarHuTHbIE MOMEHTbI ~ MarHWUTHbIE MOMEHTBI  MarHUTHbIE MOMEHTBI  HECKOMMEHCHUPOBaHHas
pasynopsaoyeHbl yNopsAOYEHbI B OPUEHTUPOBAHbI aHTunapannensHas
O[IHOM HanpasneHun  aHTunapanmensHo, opueHTauus
pesynbTUpYIoLLUi
MOMEHT paBeH Hyrio

Pucynok 2. CxemaTnueckoe n300paxKeHrne CIMHOBBIX KOH(UTrypaluii B napaMarHUTHOM COCTOSIHUU
(PM), deppomarautnom coctossuuu (FM), antudeppomarautHom coctosuuu (AFM) u
(bepprUMarHUTHOM COCTOSIHUM COOTBETCTBEHHO.

Mexny pa3sHbIMH NPEACTABICHHBIMA BapUaHTAMU MAarHMTHBIX YIOPSIAOYEHHUH CYyLIECTBYET
CBSI3b, peaJM3yeMasl B TEMIIEpaTypHOU 3aBUCUMOCTU MEPEXOJO0B U3 OJHOTO COCTOSIHME B JAPYTOE€.
Takyto 3aBUCUMOCTB OnUChIBaeT 3akoH Kropu-Beticca, coriacHo kotopomy (Takahashi, 1986):

x=C/(T-T¢) (1)
IJie ) - MarHuTHast BOCIPUUMUUBOCTh, C - nocrosiHHas Kropu, 3aBucsiias oT npupo sl Beuectsa, T
- abcomroTHas TemrepaTypa B KelbBUHaX, T¢ - TemnepaTtypa Kiopu B kenbBUHAX.

[Ipu T = T¢ MarHuTHasE BOCOPUMMYUBOCTh CTPEMHUTCS K OECKOHEYHOCTH, YTO O3HAYAeT, YTO
IIpU CTPEMJICHMM TEMIEpaTypbl K Touke Kropu M HMKE B BELIECTBE BO3HMKAECT CIOHTAHHAs
HaMarHWYEHHOCTb. JTO CBS3aHO C TE€M, 4YTO B TOUKe KIOpM MHTEHCHBHOCTH TEIUIOBOTO JBUKCHMUS
aTOMOB (heppPOMArHUTHOTO MaTepraja OKa3bIBAETCS JOCTATOYHOM, YTOOBI OOECIIEYUTh pa3pyIlICHHE
€ro CcaMOIIPOU3BOJIbHOM HAMarHMYEHHOCTH (MarHUTHOTO TOpPSAKAa) U W3MEHEHHE CUMMETpPUH,
BCJIEJICTBHE 4Yero (eppoMarHeTHK CTaHOBUTCS MapamarHeTukoM. 3akoH Kropu-Beiicca neiictByer
TaKXe B cly4ae aHTU(eppOMarHeTHKOB ITpU TeMiepaTypax Bbliie Touku Heenst Tn (0603nauenue Te
st AFM). B stom ciiyqae konctanta Tc B dopmyne mMeeT OTpuIlaTelIbHOE 3HAYeHHe, a ef
aOCoOJIIOTHAsT BENMYMHA 110 TOpAnKy Oymm3ka Kk Ttemmeparype Heems Tn. Bemme T
aHTU(eppOMArHUTHBIN XapaKTEPHBII MOPSAAOK BEIIECTBA Pa3pyILIAeTCs, U MPOUCXOIHUT IepecTpoiKa
B MMapaMarHuTHyo cucremy (hazosbrii nepexon Il poxa) (Haldane, 1983; Ayuela et al., 2013).

CTtonT OTMETHTH, YTO /I MHOTMX COeIMHEHMsAX 3akoH Kropu-Belicca HenpuMeHnM B
OKpecTHOCTSIX Touku Kropu, MOCKOIIbKY OH OCHOBaH Ha MPHOIMKEHUU cpefHero moss. [ Takux
COEIMHEHUI KPUTUUYECKOE ITOBEACHHUE OMMCHIBAETCS CIEAYIOINM BbIPAKEHUEM:

Y~1/(T-T¢)" (2)
IZIe Y - KpUTHYECKHUM MHAEKC. B cirydae Takoro COeqMHEHMs CTOUT Y4€CTb, UTO IIPH TEMIIepaTypax
T>>Tc 3axon Kropu-Beiicca Bcé-Taky BBIIOJIHAETCS, HO IPU 3TOM T ¢ NMpEACTaBIsSET TEMIIEpaTypy

HECKOJIBKO OoJbiie aeiictButenbHoi Touku Kropu (Lin et al., 2015).
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B HHM3KOpa3MepHOM MarHeTM3Me HM3IIUM 3BEHOM Pa3MEpHOCTU (HYJIEBOH pa3MEpHOCTHIO)
Ha3bIBAIOTCS CUCTEMBI JIBYX C1a00CBSI3aHHBIX HOHOB. Takue CUCTEMBI SIBIISIOTCS IUMEPaMu, KOTOpPbIE
MOTYT (DOPMHPOBATH CHHIJICTHBIC HEMAarHUTHBIE OCHOBHBIE COCTOSIHUS. [ToMUMO qUMeEpOB, HYJIeBOH
pa3MEepHOCThIO Takxke OynyT o0janaTh KOMIOHEHTBI, COCTOSIIIUX M3 YETHIPEX HOHOB, KOTOpHIE
Ha3bIBAIOTCS OJIOKeTKOW. B cimywae, korja MOHBI OPraHU3YIOTCS B CTPYKTYPY H30JMPOBAHHOM
LIENIOYKH, U BTOpAsi IOX0’Kasl LIENOYKa pacroiaraercsi oT epBoi JaJeKo B KpUCTAIIE, TO PEUb UAET
00 omHOMepHOU (KBaznoJgHOMEpHOi) maruuTHOM cucteme (Belik et al., 2004). B cutyauuu, rae
MOHBI-HOCUTEIM MAarHUTHOTO MOMEHTa OYAYT BBICTPAMBATHCS B H30JIMPOBAHHYIO ILIOCKOCTD,
CJIeTyeT TOBOPUTH O IByMEpHON MarHUTHOU cucteme (Bacunbes u nip., 2018). Takum o6pa3zom, korna
MBI UMEEM JIeJI0 C MarHUTHBIMHU B3aUMOJICHCTBUSAMHU B €IMHUIIAX HU3KON Pa3MEpHOCTH (HaIrpumep,
B ciosix FM, puc. 3), Ho B 0011eM 00beMe CTPYKTYPhI 3TH €IMHHIIBI HE CBS3bIBAIOTCS] MEX1y COOOH,

TO B 9TOM CJiydac CJICAYCT HA3bIBATb 3TO COCTOAHUC KaK HU3KOPA3MEPHOC q)eppOMal"HI/ITHOG (Zhang,

2019).
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Pucynoxk 3. Cxemarnueckoe u300paxeHne 00beMHON CTPYKTYpBl, 00J1a1ato11ei HU3KOpa3MepHbIMU
ciosimu ¢ FM ynopsnouenusiMu.

MaruutHoe 0OMEHHOE B3aUMOJAEHCTBHE CUMTACTCS MPSIMBIM, B Cilydae, KOT/a MEePEeKPBITHE
NPOMCXOIUT MEKIY AByMs Mertaummdeckumu crnmHamu (Siidra et al., 2020). Oanako, Moryr
OCYIIECTBIIATLCS W 0OOjiee CIOXKHBIC BapuaHThl OOMeHa, Korja O-opOuTaib OJHOTO KaTHOHA
MIEPEKPBIBACTCS C P-OpOUTAIBIO MPOMEKYTOUHOTO aHHOHA. B CHTyalluu, KOorja MpOMEKyTOYHBIM
aTOMOM BBICTYIIAET KUCIOPOA, TO ecTh M-O-M, peus uaeT 0 KOCBEHHOM obMmeHe —superexchange.
Korma »e wmmeercs aBa Kuciopoga Mexay katuoHamu M-O-O-M, peann3oBbIBaeTCs super-
superexchange SSE (Nekrasova et al., 2020). B 3aBucumocTs OT KOH(PHUTYpaluu JIEKTPOHOB, yIJIa,
a TaK)Ke THIMAa CBSI3M TaKHE CIOCOOBI HAJIOXKEHHUS OTpa)kaloTcs B JOKalbHBIX FM wm AFM
B3aUMOJICHCTBUAX. THIT B3aUMOIECHCTBUS MOKHO HIACHTH(PHUITUPOBATE, OPHEHTHPYSCH Ha OJIHU30CTH K

90° yria Mmex1y JByMsI MAarHUTHBIMU HOHAMH € IPOMEKYTOYHBIM HeMarHuTHeIM O, To ectb M-O-M,
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B 9TOM CJIy4ae OCYIIECTBIISICTCS CJIa0blii peppoMarHuTHbIN oOMeH. Ecim xe yron M-O-M 6nu3ox
win paBeH 180°, To pedb HIeT 0 CHIIBHOM aHTU(eppoMarHuTHOM oOmeHe. ClietoBaTeNbHO, BIaIes
uH(popMaIiell 0 KPUCTAIUTMUECKON CTPYKTYpe MOXKHO HE TOJBKO CIPOTHO3UPOBATH MATHUTHBIC
CBOICTBa, HO U BIUSATH HA UX MPOSIBICHUS, KOHTPOJIUPYS MArHUTHbIE MOMEHTHI KaTUOHOB M HX
MOJIOKEHHE B CTPYKTYpE, a Ha 3Tale 3KCIUIOPATUBHOIO CHMHTE3a C BHIOOPOM PEaKTUBOB U BOBCE
HAMEPEHHO CO3/IaTh HOBYIO CHCTEMY C YYETOM CIHMHOB BO3MOXHBIX KATHOHOB, a TaKXKe HX
B3aWMOJICVCTBUSI IPYT C IPYTOM.

Huzkopa3MmepHblii MarHeTu3M MNPUHIUINAAIBHO OTIUYAETCS OT KJIACCHYECKUX CIICHApUEB
MarHUTHBIX YIOPSAIOUYEHUN, KOTOPbIE OBLITU pAaCCMOTPEHBI BhIlIE. Pasnnyne 3akiao4aeTcs B TOM, 4TO
HU3KOpa3MEpPHBIC MAarHUTHBIE CHUCTEMBI HE TOJPAa3yMEBAIOT JIOCTHIKCHUS YIIOPSJIOYCHHOTO
COCTOSTHUS TP HU3KHX TeMieparypax. CocTosiHUe, peau3yromieecsi B HU3KOPa3MEePHBIX MarHUTHBIX
CUCTEMaXx, OIpeeNsieTCs KaK CIMHOBBIE )KUIKOCTH. Kak 1 BO MHOTHX (PU3NYECKUX SBICHUSX MOKHO
MPOBECTU AaHAJIOTHIO, TaK M (U3UKA CHUHOBBIX JKUAKOCTEH OUYEHb IIOXO0Ka Ha creuuduky
cBepxrpoBosiiero cocrosiaus (Bednorz, Muller, 1986; Bacwibes u ap., 2018).

JIyist TeOpUM HU3KOPA3MEPHOI'O0 MAarHeTU3Ma YCTAHOBJICHA CEpPHUsl KITFOUYEBBIX TEOPETHUCCKHX
MOJIOKEHUH, OOBACHAIOMUX CHEMU(HUKY TMOBEACHHE MAHHBIX CHCTEM B IIMPOKOM JHMAara3oHe
temneparyp (Onsager, 1944; Berezinskii, 1972; Kosterlitz, Thouless, 1973; Haldane, 1983; Dagotto,
Rice, 1996). Tem He MeHee (pr3MKa MATHUTHBIX SBJIEHUIN B HU3KOPAa3MEPHBIX CUCTEMAX B HACTOSIIIEE
BpeMs BCE €Ie HE SBISICTCS WHTYHTHBHO TOHATHOM 10 CPAaBHEHHUIO C JPYTUMH pas3jeiiaMu
KJIaCCHYeCKOM (U3MKM, TOITOMY [UISl PACIIMPEHHs] TPEJCTaBICHUsS 00 JTOM SBICHUU
HAKaIJIMBAIOTCS MIPAKTHUECKHUE HAONIOIEHUs B BHJIE MOATBEP)KICHUN TEOPETUUECKUX MOJENel Ha
KaKuX-JIM00 KOHKPETHBIX 00BbEKTaX, KOTOPBIE HUCCIEAYIOTCS SKciepuMeHTaTopamu (Miyahara, Ueda,
1999; Johannes et al., 2006; He et al., 2004).

Onno w3 Hamboyiee 3HAYMMBIX TPHUONMKEHUH HU3KOPa3MEPHOTO MarHeTusMa C JIPyruMu
(GU3MYECKUMU  SBJICHUSIMH TIPECTABISETCS CpPaBHEHHE CBOWCTB MAarHeTWKa cO CBOWMCTBaMU
CBEPXIIPOBOJHUKA. B 3TOW MoOJenw 3arparuBaeTcs JIONOJHHUTEIBbHAS CTCIeHb CBOOOIBI -
opOuTaIBHOE IBIKEHUE JIEKTPOHOB. OpOuTtansHoe ynopsgodeHue (oHo xe dhdexr Ana - Temnepa)
MOJKET CIIOCOOCTBOBATh TOMY, YTO J3JEKTPOHBI MOTYT MepepaclpefensiThCs B KPUCTATINYECKOM
pelieTke, a 3aTeM CHOBa pa30MBaThCS HA Tapbl W Tak Jajnee, B pe3yibTaTe 4Yero MOBEACHUE
HU3KOPa3MEpPHOTO MarHeTuka OyaeT CpaBHUMO C TTOBeJeHHeM cBepxipoBoaauka (Bednorz, Muller,
1986; Anderson, 1987; Gozar, Blumberg, 2006). UapiMu ciioBamMu, €CI UMEETCSI COCTUHEHUE C
HU3KOW pa3MEpPHOCTHIO MarHUTHOW CHUCTEMBI, KOTOPOE B M3OJHPYIOIIEM COCTOSSHHH HAIIOMHUHAIOT
CBEPXIIPOBOJHUK, JOCTATOYHO OyAeT J00aBUTh K HEMY HOCHUTENIeH 3apsla WU MPHIOKUTH
JIaBJICHUE, BCJICACTBHME YEro TaKOW MAarHeTUK MEpeleT B COCTOSIHME CBepXIpoBoAaHMKa. Ha

CErOJIHANIHUNA JIeHb, YK€ M3BECTCH YCIENIHBIM MpPUMEp TaKOro Iepexoaa Uil COCIUHECHHS
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Sr12CaCu24041 (Gozar, Blumberg, 2006), xoTopoe Takke HMeeT HeODUIIMATBHOE Ha3BaHHE
«reneOHHBII HOMEp» M3-3a MOpSAKAa WHAEKCOB Y XMMHYECKHX 3JeMeHToB 12 2 24 41. JlanHoe
COCIMHEHHUE SBJISIETCS MPUMEPOM TOTO, KaK BO3MOXKHO IPEBPATUTh HU3KOPA3MEPHBIH MarHeTUK B
HACTOSILUI CBEPXIIPOBOIHUK IIyTEM OJHOBPEMEHHOT0 JiernpoBanus (La) u npuinoxeHus AaBiIeHUs.

W3yueHne HU3KOpa3MEpHOrO0 MarHeTu3Ma U PACHIMpPEHHE IPEJCTABICHUH O IpaHMLaX €ro
JeMCTBUSL HECOMHEHHO BaXKHBI JJISi MMOCTPOCHHS €IWHOW (PpU3MYecKOW KapTHHBI KOONEPAaTHBHBIX
SBJICHUN, B paMKax KOTOPOrO NpPUMEHSETCS EIWHBIM (QopMaau3M C OOBEIUHEHHEM TaKUX
COBEPILEHHO pa3HbIX SBJIECHUH, KaK MarHeTU3M, CBEpPXIPOBOAMMOCTb, 003€-3HHIITEHHOBCKAs

konaeHcanus u apyrue (Nikuni et al., 2000; Waki et al., 2005).

1.4.2 ®pycTpHpOBaHHbIE MATHETHKH, CTPYKTYPa Karome U X 0CO0EHHOCTH

K ¢usuke HM3KOpa3MEpHOro MarHeTH3Ma TECHO OTHOCHTCA (U3UKa (PpycTpUPOBAHHOIO
marHetusma (Bacumnbes u ap., 2018). B aTom ciiyuae, yctaHaBiIMBaroTCsi 0OMEHHBIE B3aUMO/ICHCTBUS,
pPE3KO M CWIBHO KOHKYPHPYIOIIME IPYT C JPYroM, BCIEICTBHE OIPEACICHHOTO MOpsaAKa
PacIIoIOKEHUS] MAarHUTHBIX MOHOB B KPHUCTAJLUTMYECKOW CTpPYKType. Takasi CHiibHasi KOHKYpEHIIHS
IPUBOJUT K COCTOSHUIO (pycTpallMM BCell MarHUTHOM CHUCTEMBbI, YTO IO CBOEH CYTH BbI3bIBAET
aHanornyHble 3G QexThI, KOTOpbIe pa3BUBAIOTCS B HU3KOpasMmepHbix cuctemax (Coldea et al., 2003;
Gnezdilov et al., 2012). Huskopa3mepHbie GppyCcTpUpOBaHHBIE MATHUTHBIC CHCTEMbI HE TOIIA0TCS
KJIACCHYECKOMY COCTOSIHHIO HEENIEBCKOTO TOopsAKa WM (eppOMarHUTHOMY COCTOSIHHIO C
KOHKpeTHOH Temneparypoit Kropu.

OnHuM U3 Hambosee SPKUX NMPUMEPOB (PPYCTPUPOBAHHOI'O MarHeTH3Ma ¢ 0Opa3oBaHHEM
apdeKxTa CIUHOBOW KHUIKOCTH SIBISIETCS CTPYKTypa Karome. IIoHSATHE «karome» MpPOHMCXOIUT U3
Ha3BaHUS TPAIUIIMOHHOTO STIOHCKOTO CItoco0a ruieTeHust Kop3uH. OCHOBOM KOHCTPYKIIMH CITyXat
KOJIbLIa, 0Opa30BaHHBIE COEAMHEHUEM IPaBHIBHBIX IeoMeTpuueckux ¢uryp. B memom, karome
IpEeJCTaBIsIeT COOOM MIECTUYTOIbHYI0 MO3aUKY U3 YepelyIoIUXcs MPaBUIbHBIX TPEYTOJbHUKOB U
HIECTHYTONBHUKOB. CTPYKTypa KaroMme JIeKHUT B OCHOBE CTPOCHHUSI HEMHOTOUYHCIICHHBIX TIPUPOIHBIX
Y CUHTETUYECKNX COCMHEHNN. | TaBHON XapaKTEepUCTUKON KaroMe SIBJIIETCS B3aUMOPACIIOI0KEHHE
Y HalpapJeHNUE MarHUTHBIX CIIMHOB aTOMOB, KOTOpBIE 00pa3yloT AaHHYI0 KoHcTpykimio (Kohno et
al., 2007).

[losiBneHne QGpPyCTPUPOBAHHBIX pPEMIETOK B MaTepualieé CBS3aHO C HEBO3MOXKHOCTBHIO
KPUCTAUTHIECKON CTPYKTYpPHI ONTHMAIbHO MUHUMH3UPOBATh JHEPTUIO BCEX MArHUTHBIX CITHHOB.
OHM [OMKHBI JUIsI KOMIEHCAIlMM Jpyr Jpyra pacrnojaraTbCs aHTHIAPAJUIEIbHO, HO BBUIY
reOMETPHUYECKUX OCOOCHHOCTEH, B KayecTBE NpUMepa JBYMEPHOI'O CiIydass MOXHO IPUBECTU

BEPIIHHBI TPEYTOJIbHUKA, 3TO ycioBre He mocturaercs (Lacroix et al., 2011).
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KBanToBBIii 3 (dEeKT CINUHOBOW JKUAKOCTH WHBIMH CJIOBaMH MOJKHO ONHCaTh Kak
HEYIOPSIOYCHHOE KUJIKOCTHOTIOO0OHOE COCTOSHUE B CTPYKType MaTepuana, C MarHUTHOU
¢pycrpauueii. Takoe sBICHHE BO3HHKAeT B BEIIECTBAX CO CKJIOHHOCTBIO K TE€OMETPHYECKOU
bpycTpauuu, Korjaa HOCUTEIH 3apsa10B OTCYTCTBYIOT, HO, HECMOTPSI Ha 3TO, CYILIECTBYIOIIHNE CTEIIEHU
CBOOO/IbI BpAICHUS MPHUBOIAT K HEYMOPSIOYCHHOMY B030ykaeHHOMY coctosiuto (Lacroix et al.,
2011). CniuHoBas )KUJIKOCTh OOBIYHO COOTBETCTBYET COCTOSHUIO TeJa MPU HU3KOM TeMIiepaType, TO
€CTh KOT/Ia TEMIIEpaTypa MHOTO MEHBIIIE SHEPTUHU B3auMoiericTBus. Ho, B OTIMYme OT OOIBIIMHCTBA
MaTepuasoB, CIHUHBI B KHAKOCTU HE YIOPSIOUYUBAIOTCS Ja)XK€ IMPU CBEPXHHU3KUX TemIepaTypax.
BmecTto aToro o 00pa3yroT KOJUIEKTHBHBIE 3amyTanHbie coctosiaus (Shores et al., 2005; Balents,
2010; Starykh et al., 2010; Lacroix et al., 2011; Gnezdilov et al., 2012).

Haubonee mnpocTto ommcarb COCTOSHUE CIIMHOBOW JKHUJIKOCTH MOXHO —JIajdbHEHITUMU
MoCIe0BaTEIbHBIMU TMpeAcTaBIeHUsIMHU. MTak, naHbl /1Ba CHMHA, MYCTh OHU B3aHMOJCHCTBYIOT
anTudeppomMarHuTHO. OHU CTPEMSTCS OPHUEHTUPOBATHCA B MPOTUBOMOJIOKHOM HAIPABICHUU APYT
OTHOCHUTEIILHO JIpyra, HO 3TO HalpaBlieHUE HE ompeeneHo. Hampumep, mepBblii MOKET CMOTPETh
BBEpPX, a BTOPOH BHU3 M 3TO COCTOSIHHEC HAXOJUTCS B CYNEPIIO3UIMU C APYTHM, KOT/IA IEPBBIMA
CMOTPHUT BHU3, 2 BTOPOil BBepX. B ciyuae, ecriu umeeTcs He J1Ba CIIKMHA, a Iiesas CIIMHOBAs [ENoYKa
¢ aHTU(epPOMArHUTHBIM B3aUMOJICHCTBUEM, TO CIIUHBI OYAYT MBITAThCS TOBTOPUTH CUTYAIIUIO BhIIIIE
B K&KIOH Mape — M C COCEJIOM CJIeBa M C COCEIOM cIipaBa. B pesynbrarte monydyaercss HEOOBIYHOE,
JIOBOJIBHO CJIO)KHOE COCTOSTHHE. MOYKHO CKa3aTh, YTO COCTOSIHUE B CITMHOBOM IIETIOYKE HAXOIUTCS Ha
rpaHuile MeXIy mopsikoM u Oecriopsiakom (Shores et al., 2005; Balents, 2010) (puc. 4). B
OOJBIIMHCTBE CTPYKTYP CIUHBI IO UTOTY BCEX MPOIIECCOB YIOPSIOUUBAIOTCS, HO B pEIIETKE Karome,

HE JIOCTHUTas yIopsI04eHUs, CIUHBI (POPMUPYIOT TAKUM 00pa30M CIIMHOBYIO KHUJIKOCTb.

(@) (b)

Pucynok 4. CxemaTrdeckasi HJUTFOCTPAIHS PACIIONOKEHHS MATHUTHBIX CITUHOB MPH (QpyCTpanuu B
IUTOCKO#T ceTKe (8) M B TpEXMEpHO# CTPpYKType Ha nmpumepe Terpasapa (b).

OpHuM u3 Hambosee HarsiIHBIX HPUMEPOB pEaTM3allMid B KPUCTAJUIMYECKOH CTPYKTYpe
YIOPAIOYEHHOCTH Karome, BIMSIONEH Ha YHHUKaJIbHbIE MArHUTHBIE CBOWCTBA, BBICTYIACT

gorvoopmum CuzV207(OH)2-2H20 u ero cunternyeckue anamoru (Hiroi et al., 2001; Bert et al.,
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2005; Yoshida, 2009a; 2009b; 2012a; 2012b; 2017; Ishikawa et al., 2012; 2015; Janson et al., 2016;
Inosov, 2018; Ikeda et al., 2019; Hiroi et al., 2019). C Touku 3peHust pu3rKu TBEPOTO TEja, 0COOBII
MHTEpEC ¥ BHUMaHKE K (POIBOOPTUTY M €r0 CHHTETUYECKUM aHajloraM Bo3HHK B Havase 2000-x rr.,
Korga OBLIO YCTAHOBICHO, 4YTO (DOJILOOPTUT TPOSIBIISET YHHKAJIbHBIC aHTH()EppOMarHUTHBIC
csoiicta (Hiroi et al., 2001), a atombl Meu 00pa3yroT MOAPENIeTKY B BHae ceTku Karome (Ishikawa
et al.,, 2012). Ilenas cepus pabOT MOCBsAIIEHA M3YYCHHUIO MArHUTHBIX CBOWMCTB CHHTCTHYCCKHX
aHasoroB ¢oaboopruta, nonydeHHbix s cmecu CUO/Cu(OH)2 u V20s ruaporepManbHBIM
cunre3oM ¢ yuactuem HNO3z (Bert et al., 2005; Yoshida, 2009a; 2009b; 2012a; Hiroi et al., 2019).
Pe3ynbTathl HcciieIOBaHUH MarHUTHBIX CBOMCTB CHHTETHYECKHX aHAJIOrOB (OJILOOPTUTA, & HMEHHO
3aBUCHUMOCTH MarHUTHOW BOCIIPUUMYHBOCTH OT TEMITEPATYPHI i 3aBUCHMOCTH HAMarHUYEHHOCTH OT
HAMPsHKEHHOCTH MarHUTHOTO TI0JIsi OOHAPY)KMBAIOT aHOMAJIbHBIC MarHUTHBIC TIepexo bl (Bert et al.,
2005; Yoshida et al., 2009a; 2009b; 2012a; 2012b). Takue HeTpHUBHAILHBIC MATHUTHBIE CBOMCTBA
CBSI3aHBI C OCOOCHHOCTSIMH KPUCTAJUIMYECKON CTPYKTYpHI (hoibOopTUTa. Tak, B KpUCTAITHYECKON
crpykrype ¢doapboptuta CuszV207(0OH)2:2H20 umeroTest 1Be HEdIKBUBAJICHTHBIX mo3uituu Cul u
Cu2, oOpasyromme paBHOOenpeHHbIe TpeyroubHukn CUu2CulCu2, koTopwie YKIAIBIBAIOTCS B
UCKaXeHHBIC Karome ciion. Ilo mocmemnaum maHHeIM DFT-pacdeToB, OCHOBaHHBIX Ha TCOPHH
(G yHKIIMOHAMA MIIOTHOCTH, OBLIIO YCTAHOBJIEHO, YTO B (POIBOOPTUTE MPUCYTCTBYIOT YETHIPE BETYIIUX
KOHKYPHPYIOIIUX MAarHUTHBIX B3auMoJieicTBHs: aHTH()eppomarauTHbie (J ¥ J2) U peppoMarHUTHbIC
(> m J1). Dra Mozenb NPHBOAUT K CHUCTEME CBSI3aHHBIX TPUMEPOB, TJIe KaXIbId TpUMEp
(beppOMarHUTHO CBSI3aH C YETHIPHMSI OJMKAUITUMU COCSTHUMH TPUMEpPaMH ¥ aHTH()EPPOMArHUTHO
C JIByMS COCEAHMMH KOJUIMHEApPHBIMU TpuMmepamu (puc. 5). B cBi3u ¢ 3TUM HEOOBIYHBIM
pacroIoKEeHNEM MAarHUTHBIX MOMEHTOB M KOHKYPEHIIMEH pa3HbIX B3aUMOJCHCTBHI (OTBLOOPTHUT
CTaJI OJHUM W3 TIEPBBIX KaHAWIATOB JUISI M3y4eHUs 3(pdeKxTa CIUHOBOW KUIKOCTH. Y CIICITHBIC
WCCJICJIOBAaHMSI MarHUTHBIX CBOWCTB Ha CHHTETHYCCKHX aHajorax (oJIbOOPTUTA PACIIHPUIH

npezcrasieHus o pusuke storo seienus (Hiroi et al., 2001; 2019).
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Pucynok 5. MarautHas MoJienb (HoIbOOpTUTA ¢ MATHUTHBIMU TPUMEPAMH (3aKpAIICHHBIC OBAJIBI),
00pa30BaHHBIMK JOMHUHHUPYIOIIUM aHTU(EppOMarHuTHBIM B3aumopeiicteuemM J (). Ilyrtu
KocBeHHOTO oOMmeHa (cynepoomena) Cu—O—V—-O—Cu Buytpu tpumepa (b). DddexruBHas Moaenb
B3aUMOJICHCTBHS TPUMEPOB ¢ PeppOMarHuTHBIM J1 1 aHTH(dEppOMarHuTHeIM J2, J’2, J3 (C, d) (Janson
etal., 2016; Inosov, 2018).

Eie oauM BrieyamistionuM npumMepoM sisisieres asepvesum CusO2(V04)2-NMCly (M=Cu, Cs,
Rb, K) u ero cuHTeTHYECKHE PA3HOCTH C IIEIOYHBIMH KaTHOHAMH METAJUIOB, B KPUCTATHUSCKHX
CTPYKTypax KOTOpbIX cojepkurcsi MoTuB karome (Volkova, Marinin, 2018; Botana et al., 2018;
Winiarski et al., 2019; Dey, Botana, 2020; Kornyakov et al., 2021; Biesner et al., 2022). Hecmotpst
Ha TO, YTO aBEpPhEBUT ObUT OOHapyxeH Oosiee 20 ner Hazax B dymaporne «SmoButas» Broporo
nntakoBoro konyca BTTU 1975-1976 rr. (Starova et al., 1997; Bepracosa u np., 1998; KpuoBuues
u 1p., 2015), ero xpucramanueckasi CTpyKTypa MOCIyXKHja MIPOTOTUIIOM MHOTHMX CHHTETHMYECKHX
AQHAJIOTOB C PAa3HBIMM IIEJOYHBIMM KAaTHOHAMH METAJUIOB U PaA3IMYHBIMU TaJlOT€HUIHBIMU
KoMIUTeKcamu B kaHanax (Botana et al., 2018; Winiarski et al., 2019; Kornyakov et al., 2021; Biesner
et al., 2022). CuHTeTHYeCKHE aHAJIOTH 3TOr0 MUHEpajia ¢ Pa3IMYHbIMH KAaTHOHAMH METaJJIOB B
nocsegHee BpeMsl MPUBJIEKIN BHUMaHHE HccienoBareieid U ObUIM OXapaKTepu30BaHbI KaK CIHUH-
x)uaKocTHeie cucteMmbl (Volkova, Marinin, 2018; Botana et al., 2018; Winiarski et al., 2019; Dey,
Botana, 2020; Biesner et al., 2022). Dddekr cnuHOBO# KUAKOCTH 00YCIIaBIMBAETCS MPABUIBHOM
YIIOPAIOYEHHOCTRIO KAaroMe B CNOAX, KOTOPYIO CO37aloT MoHsl Memu CU?*, koopammmpyromme
KHCIIOPOJHBIE IEHTphl TeTpadapoB [OCus]®*. B xarome cnosx dukcupyiores Ji u J

aHTu(eppoMarHuTHEIE 0OMEHHbIMH B3auMoeicteus Cu-Cu (puc. 6).



Pucynok 6. Kpucramuinueckasi CTpykTypa cuHTeTHueckoro ananora aBepbeButa CusO2(V004)2(CsCl)
(a). Pacionosxenne mommaapos Cu?* u V' B Buje rexcaroHanbHeIX Komen-cot (b). Cron karome u3
aTOMOB MEIM M BHYTPHKAHAJIBHOTO Me3us (c). MarHuTHas MOJellb CHHTETHYECKOrO aHajora
aBepbeBuTa Cus(V0O4)2(CsCl) ¢ AFM oOMmenHbIMU B3auMoelicTBusiMU J1 1 J2: paccrosiust Cu-Cu B
cnoe xarome (A) (d), pemerka u3 atoMmoB Menu, BKMouaromas nosuuu Cul u Cu2, MexcioitHoe
paccrosiue Cu-Cu ykasano B A (e) (Botana et al., 2018).

[To MHeHMIO Yy4eHBIX, 3((}eKT CHUHOBOM KHUJIKOCTH IOMOXKET CO3/laBaThb HOBBIE
CBEPXMPOBOJAIIME MaTepuaibl. MHOTUMH JaOOpaTOpUsIMU MHpa IMPeIIPUHUMAIOTCS MOIBITKU
CO3JIaHUs CTPYKTYP, B OCHOBE KOTOPBIX OY/ET JIeKaTh peleTka karome. Takue Marepuanbl MOXKHO
OyIeT MCIOoNb30BaTh B AJIEKTPOHHBIX YCTPOMCTBaX C HYJIEBBIMH JHEPreTUYECKMMHU MOTEPSIMH, B
KAaueCTBE COCTABJIAIOIIMX DSJIEMEHTOB COBPEMEHHBIX YCTPOWCTB [UISl XpaHEHUs JAHHBIX W

cynepkommsioTepos (Broholm et al., 2020; Jilich Supercomputing Centre, 2018, 2019).

15. Oﬁmne NPUHIHUIIBI KPUCTAJJTOXMMHUHA HEOPraHUICCKUX coeTHHEHUH U MHUHEPAJIO0B,

CO/IepP KAIINX OKCOLEHTPHPOBAHHBIE TETPAIIPHI

[ToMrMoO KJaccM4ecKOro KaTHOHOIIGHTPUPOBAHHOTO TPEACTABICHUS KPUCTATUIMYECKUX
CTPYKTYpP MUHEPAJIOB U HEOPTaHUYECKUX COEAMHEHHH, CYIIIECTBYET MOAX0/1 PACCMOTPEHHUS CTPOCHUS
HEKOTOPBIX COCIMHEHUH C BBIICICHHEM aHHOHOIICHTPHPOBAHHBIX KOMILIEKCOB XA4, Te X — 3T0
annoH, A — xaruon (Bergerhoff, Paeslack, 1968; Effenberger, 1985; Krivovichev, Filatov, 1999;
KpuBosuues, ®unatos, 2001; Krivovichev et al., 2013). B kpucramimueckux CTpyKTypax TaKHX
COEMHEHUH, KpOME AaHHMOHHBIX KUCIOTHBIX OCTAaTKOB, MPUCYTCTBYIOT aHHUOHBI, HE BXOMSIIUE B
COCTaB 3THX KOMIUIEKCOB W 3aHMMAIOIINE 00OCOOJICHHOE IMOJIOKEHHUE, BKIIIOYAIOIIee HE TOIBKO
KOMITCHCAIIMIO CyMMAapHOTO 3apsijia COeIMHEHHUs. B kadecTBe Takoro IOMOJHHUTENFHOTO aHWOHA,
y4acTBYOLIET0 B 00pa30BaHUU aHHOHOIICHTPUPOBAHHBIX KOMIUIEKCOB (XA4) BBICTYNAET KUCIOPO

O?, 1Is KOTOPOTO XapaKTEpPHO 0Opa30BaHME YETHIPEX CBA3Ell KUCIOPOI-MEeTasll, HApaBIeHHEIX K
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BEpILMHAM MPaBUIILHOTO TeTpadapa. [IpoyHOCTh TakuX CBSA3€M KHUCIOPOA-METAUl B OMpPEIEICHHbBIX
ClIy4asiX MPEBOCXOAMUT IPOYHOCTh OCTAJIBHBIX CBSA3€H, KOTOpbIE OOpa3yeT aToM 3TOr0 METaJlIa.
WHplMM criOBamMM, JIOTIOJHUTENIBHBIE aTOMBI KHUCIOpPOJAA CBSI3bIBAIOTCS C KaTHOHAMH, 00pasys
OKCOIICHTPUPOBAHHBIC TETPASAPHI CO CPABHUTEIBHO BHICOKOM MPOYHOCTHIO xuMuueckoi casi3u (Hill
et al., 1994; Prewitt, Downs, 1998), uro mposBIsSETCA HE TOJBKO B I'€OMETPHUECKOM AacCIIEKTe
CTPYKTYPBI, HO ¥ Ha pa3inuHbIX (usndeckux cBoiicrBax (Kpuosuues u ap., 1998; Nazarchuk et al.,
2000; Siidra et al., 2019a; Nekrasova et al., 2018; 2020; 2021a; 2021b).

OCHOBHBIMH aHHOHAMH, CIIOCOOHBIMH 00pPa30BBIBaTh TeTpasaphl (XAs), Beictymator O, N¥,
F°, B TaKOM MOpsIIKE 10 YOBIBAHHIO OHU BCTPEUArOTCs B coequueHusx (Pumaros u ap., 1992; Schleid,
1996; 1999; KpusoBuues, 1999). Omnpexpensrommmu  (pakropamu, OOBSCHSIIOIIUMH LIHPOKYIO
pacmpocTpaHeHHOCTh TeTpadapoB (XAs) mis X = 0%, N*, F, sBusmiorcs uX BbICOKAs
3IEKTPOOTPHUIIATENILHOCTD, KECTKOCTh M HHU3Kas MOJsipu3yeMocTh. OOmuid NpuHIMI 00pa30oBaHUS
terpasapa (XAs) II1acuT, 4TO «CyliecTBOBaHHE TeTpadapa (XA4) BO3MOKHO TOTJa, KOTJa KAaTHOH A
MOXeT 00pa3oBath CBsizb A-X BajeHTHOCThIO Vx/4» (KpuBoBuues, ®unaros, 2001). B kauectBe
katroHa A B TeTpadipe (XA4) cpean coeAMHEHUM ¢ AOMOTHUTEIBHBIM aTOMOM KHUCIOPO/AQ, OJTHUM
13 Hauboee pacpocTpaHeHHbIX sBsercs Cu?*,

Kak ynomuHanoch pasee, kaTHoH CU?* uMeeT smekTpoHHyI0 KoHdurypamuto [Ar]3d°, nns
KOTOPOW XapakTepHO OO0pa3oBaHWE OKTAIPUUYECKUX KOMILJIEKCOB, UCKaXEHHBIX d(ddexrom SHa-
Tennepa, B GOpMHPOBAHNUN KOTOPHIX MPUHUMAIOT YUACTHE YETHIPE KOPOTKUE IKBATOPHAIIHLHBIE CBSI3U
U JIBe JJIMHHBIC amnuKaibHble. HecMOTps Ha 3TO, MO CPaBHEHUIO C JIPYTUMH JBYXBaJCHTHBIMU
KaTHOHAaMKM MeTamnoB, CuU?" oTnMuaeTcs WMMPOKMM pa3HOOOpasMeM THMOKHX, CKIOHHBIX K
HCKaKEHHIO, KOOPIUHAIIMOHHBIX T€OMETPUI, OCHOBHBIMH U3 KOTOPBIX SIBIISIFOTCSA [4+2 |-UCKaXKEHHBIN
oKTa’p, [4+1]-reTparonanpHas nupamuja, [3+2]-tpuroHanpHas Ounupamuaa u [4]-uckaxeHHas
iocko-kBaapatHas (Hathaway, 1984; Willett, 1991; Burns, Hawthorne, 1995). Cssi3u xe O-Cu**s
aHHOHOIEHTPHPOBAHHBIX KomIiekcax [OCu4]® xapakrepusyrorcs cpenneii BanenTHocThIO 0.50 e,
yTOo OO0ycClIaBIuBaeT OoraTtoe pa3sHoOOpa3ue COEAUHEHHWH Ha OCHOBE OKCOIEHTPHUPOBAHHBIX
Terpasapos [OCu4]®".

Jns  obmeit  kmaccudukanuu  aHUOHOIEHTPUPOBAHHBIX ~ KOMIUIEKCOB — HCHONB3YIOT
onpenensomue GpakTopbl, onucanubsie ganee (Krivovichev et al., 1997; Kpusosuues, ®unaros,
2001). Pazmeprocth kommuiekca D, mist octpoBHbIX D = 0, my1s enoueuynsix D = 1, muist cmoucteix D
= 2, n1us KapkacHbIX KomiuiekcoB D = 3. Tun o0benunenus tetpa’apoB B kKomiuiekce ML, u Tun
oOvenuHEeHUS TeTpasdapa L, rme mapamerp L ompenensercss KOTUYECTBOM BEPUIMHHBIX aTOMOB,
00X I ABYX COCEAHHMX MOJIUAAPOB B Komriuiekce. [[ist uzomupoBanHoro terpadapa L = 0, mis
TeTpadapa, OOBEIMHEHHOTO C COCEIHUM uepe3 BeplinHy, pedpo u rpanb L paBHo 1, 2 u 3

COOTBETCTBEHHO. UHWCIIO COWICHEHHWH TeTpadapa S ONpeAesseTcs KOJIMYECTBOM TETPadIpoB, C
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KOTOPBIMH OH HUMECT OOIIHE BEPIIMHBI BHE 3aBUCUMOCTH OT criocoba oowenunenus (Lima-de-Faria
et al., 1990). KpaTHOoCTh TeTpasapu4ecKoro Komiuiekca M paBHA KOJWYECTBY H30JUPOBAHHBIX
TETPa’IpOB, KOJIEH, IEMOYeK I CIOEB, KOTOpble, 0OBEANHAACh, 00pa3ylOT KOMIUIEKC TOHW Ke
pPa3MEpHOCTH, YTO U UCXOAHbIE KOMILIEKCH. [lepnoanynocts P mpoCTON IEMOYKU OMpeensieTcs
YHUCJIOM TETPadIPOB B €€ nepuojie uaeHTudHocTH. [lermouku ¢ P = 1,2,3,4 u 1.1. OynyT Ha3bIBaThCS
OJIHO3BCHHBIMH, JIBY3BEHHBIMH M T.I. [lepumoamuHocTh P KpaTHOH IIEMOYKH COOTBETCTBYET
NEPUOANYHOCTH TEX MPOCTHIX IIETOYEK, C TOMOINBIO IMOCTEIIEHHOTO HapaluBaHUs KOTOPBIX
oOpa3oBaHa JaHHas KpaTHas 1mernodyka. Kpome mpeacTaBieHHBIX OOIIMX XapaKTEPUCTHK, TaKKe
npuberatroT K OoJee cnenu@UUEecKUM MapameTpaM TakuM, Kak ¢opmyina CBA3HOCTH, AMArpaMma
CBSI3HOCTH, TOIOJIOTHYECKAsT U KOHPUTYPAIIMOHHAS YKBHBAJICHTHOCTH TETPAdAPOB B KOMIUICKCE, a
Tarke oTHomeHne X:A st komiuiekca [XnAm] aHHOHOICHTPUPOBAHHBIX KOMILIEKCOB (XAs)
(KpuBoBuues, ®umnaros, 2001).

Kpucrammoxumusi  MUHEpajJoB UM  HEOPraHMYECKHMX  COCNMHEHUH,  COJEpI)KaIIUX
AHUOHOIICHTPUPOBAHHBIC KOMILUIEKCHI, OCTACTCS OJTHAM W3 HE BIIOJIHE TPAJAUIIMOHHBIX HAIPABICHHMA
COBPEMEHHOUW KpucTauiorpadud W CTPYKTYpPHOH MUHepanoruu. B MacmrabaXx HM3BECTHBIX
M3YYECHHBIX MUHEPAJIOB M HEOPraHWYECKUX COCAMHEHUH, MAHHBIIM MOJAXOJA MPUMEHUM JIUIIb s
HEOOJBIIOTO WX KonuyecTBa. [lpu 3TOM Ans BBIAENEHHUS TMOAOOHBIX AHWOHOIEHTPUPOBAHHBIX
KOMIUIEKCOB TPEOYIOTCS KPHCTAUIOXMMHUYECKAE OCHOBAHUS, B YHCJIE KOTOPHIX MOXKET BBICTYIATh
KaK HauOoJbIIas CTENICHb TMPOYHOCTH CBSI3U, AHU3OTPONHS TPOSBICHHS (PU3NUCCKUX CBOWCTB,
HEOOXOUMOCTh BBIJICJICHUS JTaHHBIX KOMIUJIEKCOB JJISi PACCMOTPEHMsSI PAa3IMYHBIX MOJENEH,

CBsA3aHHBIX C q)YHKI_II/IOHaJ'ILHLIMI/I CBOMCTBaMHM COECIMHEHUN U Ap.

1.6. OOmmue cBeeHUs N0 KPUCTAIIOXMMHH OKCOBAHAAT-XJIOPHA0B MeH

BorateimM pasHoOOpa3zueM MUHEPAJIOB ¢ KPUCTAJUTMYECKUMHU CTPYKTYpPaMu, IIOCTPOSHHBIMU Ha
KOMILIEKCAX OKCOIIEHTPUPOBAHHBIX TeTpadapoB [OCUs]®, xapaxrepusyercs sKcraasiuoHHas
JIeSITENIbHOCTh (hyMapoJI IITAKOBBIX KOHYCOB BOJIbIIOro TperuHHOro Ton0auyMHCKOTo H3BepIKEHHS
1975-1976 tr. C TOYKM 3peHHS MarHeTU3Ma, OCOOBI MHTEPEC MPEACTABISIFOT MHHEPAJBI TPYIIITHI
OKCOBAHA/IaT-XJIOPUJIOB MEJH, SIBJISIONIMECS MHHEPAJOTHYECKUMH SHAEMHUKaMH (Qymapouisl
«SnoButas» Broporo makoBoro CeBepHOro npopbiBa Byjikana Toa0aunk, a UMEHHO: JICHHHTPaIUT
PbCus(VOa)2Cl2 (Bepracosa u mip., 1990; Siidra et al., 2007), komapcut CusO2((As,V)04)Cl (Starova
etal., 1998; Vergasova et al., 1999), aepreBut CusO2(V0O4)2-nMClx (M = Cu, Cs, Rb, K) (Bepracosa
u 1p., 1998; Kpusosuues u jap., 2015), spomreBckut CugO2(V0O4)4Cl2 (Pekov et al., 2012a; 2013d),
JIOKY4aeBUT Cug02(V04)3Cl3 (Siidra et al., 2018c; 2019c) u AJICYTUT
Cus02(As04)(VO4):(Cu,K,Pb,Rb,Cs)C1 (Siidra et al., 2018b; 2019b). Kpucramiorpadpudeckue

JaHHBIE ATUX MHUHepaiax InpeacraBieHsl B Tadmume 1. 3 dopmyn MuHepanoB BUAHO, YTO TOMUMO
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IpUMeCed Pa3IMYHBIX IICTOYHBIX KaTHOHOB B IMO3HIMSX MEIH, B KOMAPCHTE W AICYTHTE TAKKE
HaOI0/1aeTCs APKO BBIpakeHHHIH m3oMophusm Vo' u As® B mosummn 7°* xommmekcos (7°704)%.
[ToMHMO 5TOro, 1O JAaHHBIM XMMHUYECKHMX AHAJIM30B IPEICTABIEHHBIX MUHEPAJIOB, B KOMILIEKCHI
(T°*04)* Taroxe moryt Bxoauts Si, P, S, Fe, Mo.

Ta6auna 1. Kpucramiorpapudeckue mnapameTpbl BCEX HM3BECTHBIX AKCTASLUOHHBIX MUHEPAOB-
BaHAJATOB MM C JOMOJIHUTEIBHBIM XJIOPUIHBIM aHUOHOM, OTKPBITHIX Ha ByJaKaHe Tonbauuk.

Munepan IIpocTp. a(Ay/° b(A)/° c(A)/° V (A%) R1
rpynmma

JlenuurpamuT Ibam 9.005(7) 11.046(9) 9.349(7) 929.9(13) 0.024

PbCUs(VO4)2C|2

Komnapcur Pbcm 5.440(1) 11.154(2) 10.333(2) 626.98(1) 0.048

CusOz[(As,V)04]CI

ABepbeBUT P-3ml 6.3778(2) 6.3778(2) 8.3966(3) 295.79(2) 0.042

CU502(VO4)2'

nMClyx

(M = Cu,Cs,Rb,K)

SIpOIIEBCKUT P-1 6.4344(11) 8.3232(13) 9.1726(16) 442.05(13) 0.073
Cug02(V0a4)4Cl> 105.338(14) 96.113(14) 107.642(1)

Aneytur C2/m 18.090(2) 6.2284(6)  8.2465(9) 929.1(2) 0.066
[Cus02](AsO4)(VO4)- 90.597(2)

(CUo_sDo,s)Cl

JlokyuaeBuT P-1 6.332(3) 8.204(4) 15.562(8) 801.9(7) 0.057
CugO2(V0O4)3Cl3 90.498(8) 97.173(7) 90.896(13)

J171s1 TOJTHOTO OHUMAaHUSI KPHCTAJUIOXUMHYECKUX aClIEKTOB MUHEPAJIONOI00HBIX COSTMHEHHIA
uccienyemoit cuctemMbl CUO-V20s5-CuClz, Heo6X0muMo AeTanbHO PacCMOTPETh KPHCTAIUTNYCCKUE
CTPYKTYPBI M3BECTHBIX MHHEpaioB. Jlamee OyayT MOAPOOHO pa3o0paHbl KPUCTANIOXMMHUYECKHE

0COOEHHOCTHU OKCTraJIIMUOHHBIX MHHCpaHOB-HpCI[CTaBHTCHeﬁ T'pyHIibl OKCOBAHAAAT-XJIOPUAOB MCIH.

Jenunzpaoum. Jlenunrpagut PbCuz(V0O4)2Cl, sBisiercs mepBbIM MCCIeIOBAHHBIM CBUHIIOBO-
METHBIM BaHAJATOM C JIOMOJHHUTEIbHBIM XJIOPUIHBIM aHHUOHOM, HAWJICHHBIM B TPOIYKTaX
dbymapoapHOil nmesrenbHOCTH Broporo muiakoBoro konyca CeBepHOTO TpophiBa bousbimoro
TpemuHHOro TonbaunHckoro u3BepxkeHus (1975-1976 rr.). Jleaunrpaaut Obu1 0OOHAPYKEH B TECHOM

ACCOLIMAIIMU C aHTJIE3UTOM, TEMATHTOM, JJaMMEpHUTOM U TosdaunToM (Bepracosa u ap., 1990). Ilo
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JAHHBIM KOJIMYECTBEHHOT'O XMMHUYECKOTO aHalln3a JICHUHTPAIUTa, ero ¢opMmysa Ompe/eieHa KakK
Pb1.01(Cu2.80ZN0.05)5=2.94((V1.01AS0.01)x=1.0204)2(Cl1.9000.10)5=2.00 (Bepracosa u mip., 1990).

Kpucrammueckas crpykrypa geaurrpaguta PbCuz(V04)2Cly conepkut oHy CUMMETPUYHO
HE3aBUCHMYIO MO3UIHI0 Pb, KoopauHupoBaHHYO YeThipbMs aTroMamu O u yeTsipbMst aToMamu Cl. B
KPUCTAJUTHIECKON CTPYKTYpE TaK:Ke MMEIOTCS IBA CHMMETpHUYHO He3zaBucuMbIXx Cu nientpa, Cul u
Cu2, KOTOpbIe pacloNOKEeHbl B MCKAXEHHOH OKTadapuueckoil xoopauHauuu [40 + 2Cl]. Onna
CHMMETPUYHO He3aBHMCHMas Tmosunus V, 3aHuMaeMas V°', TeTpa’apudeckd KOOPAHMHHPOBAHA

yeTblpbMsl aToMamu O, JUITMHBI CBSI3eH JIeKaT B XapaKTEPHOM JIJIsl BaHA1aTOB Juara3oHe (puc. 7).

Pucynok 7. KoopauHalmoHHOE OKpYyKeHHe o3I kKaTnoHos Pb?*, Cu?*, V®* B kpucTanmmdeckoit
CTpYyKType JienuHrpaauta (o ganusiM Siidra et al., 2007).

Tabéauua 2. Jlnuns csseii (A) B kpucTamingeckoii cTpykType JeHuHrpaauTa (o JaHHbM Siidra et
al., 2007).

Pb-02 2.599(4)x4 Cu2-01 1.948(4)x2
Pb-Cl 3.032(2)x4 Cu2-02 1.976(4)x2
Cul-01 1.970(4)x4 Cu2-Cl 2.760(3)
Cul-Cl 2.953(3)x2 Cu2-Cl 2.873(3)
V-02 1.696(4)x2
V-01 1.733(4)x2

Kpucrannuueckass ~ cTpykTypa  JIGHMHIPAUTa  ONMCBIBA€TC B TEPMHHOJIOTHH

KaTHOHOIIGHTPUPOBAHHBIX MOIMAAPOB. Beigenstores 2 tuna nenovek C’ u C’’, koTopsie 00pa3yroTcs
3-

kBaapatHeiMU ceueHussME CuO4 u Terpasapamu (VO4)*", 00beTMHEHHBIMHE 110 OOIIUM KHACIOPOHBIM

BepuHaM. [lenouku C’ u C’’ BBITAHYTHI BJIOJb OCe C M & COOTBETCTBEHHO. Bmecre memnouku

06pasyIoT TpeXMepHHIil Kapkac ¢ dUTHITUYECKAMU KaHANAMH, 3allONHEHHBIMU KaTHOHaMu Pb%" u

aaronamu CI™ (Siidra et al., 2007) (puc. 8).
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Pucynok 8. Kpucrammueckasi CTpyKTypa JICHHHIpaauTa B IPOCKIMK Ha och ¢ (). Llemouku C’ u
C’’, cocrosuue u3 kBaaparos CuOq u Tetpasapos (VO4)* (b) (o nanusM Siidra et al., 2007) (cepsie
— atoMmbl Pb, ronyosie — atomsr Cu, cunue — atomsl V, 3enensie — Cl, kpacubie — O).

Konapcum. Konapcut CusO2[(As,V)04]Cl — crieayromumii mpeacTaBUTeIb MUHEPAIOB TPYIIIBI
OKCOBAHAJIaT-XJIOPUJIOB MeIH, OOHAPYKCHHBIH B TPOAYKTAX OJKTAIAIUOHHOH JCSITeILHOCTU
bymapossl «Snosuras» Broporo nutakoBoro konyca Ceseproro npopsisa BTTU (Vergasova et al.,
1999). ns komapcuta XapakTepHOW MHHEpPAIbHOM accolualfeil SBISIOTCA  HIBXJIOPUH
KNaCus0(S04)3 (Scordari et al. 1989), Tonbaunt CuCl, (Bepracosa, ®umnaros, 1983), moHomapeBUT
K4CusOClyo (Bepracosa u ap., 1988b), kamuatkutr KCuzOCI(SO4). (Bepracosa u ap., 1988a) a
TaK)Ke MHHEpANbl CEPUM KITIOYEBCKUT-amoMoKmoueBcknT KsCusFe3*02(S04)s - K3CusAlO2(SO4)s
(Bepracosa u ap., 1989; I'opckas u ap., 1995). Ha pucynke 9 mpencraBieHO KOOPAMHALMOHHOE
OKPYXCHHE JIJII BCEX KAaTHOHOB, a B TaONHIC 3 TPEICTABJICHBI JJIMHBI CBS3el KAaTHOH-aHUOH B
KPUCTAJUTMYECKON CTPYKTYpPE KOIApCUTa.

Taoauua 3. Jnuns cesseii (A) B kpucTammmueckoif cTpykType komapcuTa (Mo JaHHBIM Starova et
al., 1998).

Cul-01 1.941(1)x2 Cu3-03 1.933(1)
Cul-02 1.977(1)x2 Cu3-01 1.942(1)
Cu2-01 1.938(1)x2 Cu3-01 1.951(4)
Cu2-02 1.982(1)x2 Cu3-03 2.427(1)
cu2-Cl 2.585(2) cus-Cl 2.388(2)
Cu2-Cl 2.865(3) As/V-02 1.721(1)x2
As/V-03 1.679(1)x2
01-Cu2 1.938(2)
01-Cul 1.940(1)
01-Cu3 1.942(1)

01-Cu3 1.951(2)
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Pucynok 9. KoopmuHamuoHHOE OKpyxkeHHMe KaTuoHOB CUZ*, AS*/V°* B kpmcTammmdeckoii
CTpyKType KomapcuTa (1o qanHeiM Starova et al., 1998).

Kpucrammudeckass CTpyKTypa KONapcuTa MPEJACTaBISCT COOOW TPEeXMEpHBIA KapKac,
conepxkamuii nernouku [O2Cus]**, 06pazoBanHbIe 00beIMHEHHEM OKCOLIEHTPHPOBAHHBIX TETPAdAPOB
[OCus]®* uepes obmme pebpa. DTu HENOUKH OKCOLEHTPUPOBAHHBIX TETPAdAPOB BBITAHYTHI BIOIb
ocu c¢. Kpucramnmueckasi CTpyKTypa KOIapcuTa TakKe COACPIKUT JOTOTHUTEIBHbBIE aTOMBI XJI0pa U
Terpadapuueckue kommiuekcsl (704)*, rae B mosummio 7°* mzomopduo Bxoasr As® u V°*. Ilo
JTAHHBIM KOJIMYECTBEHHOTO XMMHYECKOro aHamusa komapcuta (Vergasova et al., 1999) ero
SMIUpHUECKY0 (Qopmyny, paccuuTaHHylo Ha ocHOBe 7 (60+1Cl) aHMOHOB, MOXHO 3amUCcaTh
cnenyrommM o6pazom: Cus soFe€0.0101.93[(AS0.6V0.3850.03)04]Cl1.07. U3 wero cnemyer, uro mosummio 7°*

B TCTPAAPHUUCCKHUX KOMIIJIICKCAaX TO4 3 IIpeum CCTBCHHO 3aHUMACT MBIIIIBAK.
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Pucynok 10. Kpucramdeckas cTpyKkTypa KomapcuTa BIoib ocH a (1o gaHHbM Starova et al., 1998)
(KpacHBle TIOMMAAPHI — OKCOIEHTpHpoBaHHBIE TeTpadapsl [OCU4]®*, cumme mommdaper —

IPEeNMYIIECTBEHHO apceHaTHbIe TeTpa’aphl (AsO4)>).

Aesepvesum. AsepbeBurT Cus02(VO4)2:nMClx (M=Cu, Cs, Rb, K) mpeacraBusier coboi
OKCOBaHaJaT MeIW C JOINOJHHUTEIBHBIM XJOPUAHBIM aHuoHOM. OOpa3oBaHHe MHHEpaa

HEIOCPEICTBEHHO CBS3aHO ¢ (DyMapoJIbHOM AESITENHbHOCThIO BTOpOro nutakoBoro koHyca bomsiioro
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TpemuHHOro TonbaunHnckoro u3BepxkeHus (Bepracosa u ap., 1998). Kpucramimaeckas cTpykrypa
MPHUPOJHOTO aBEPhEBUTA ObLIA MEpPEyTOYHEHA C MOBBIIICHUE MPOCTPAHCTBEHHOW rpymnmbl P3 mo
rpymmsl P-3m1 (KpuBoBuues u nip., 2015). ITo 1aHHBIM KOJMYECTBEHHOTO XMMUYECKOT0 aHATN3a JIs
MUHepaJia ObuIa orpeeneHa cIeayroniast XHUMHAYECKast dopmyna:
CuUs.0002.19[(V0.94M00.04F€0.02)=1.0003.89] 2- Cuo 56 Cl1.12° (Cs0.17K0.15Rb0.06) £=0.38Clo.40.
KoopanHanmoHHOE OKpYKEHHE KATHOHOB B KPUCTAIITMYECKON CTPYKTYPE aBePhEBUTA ITPUBEICHO HA

pucynke 11. B Tabnurie 4 nmpeacTaBiIeHbI IJTUHBI CBA3EH B CTPYKTYPE aBEPhEBUTA.

Pucynok 11. Koopaunanuonnoe okpyxkenue katunonos Cu?*, V°* B kpucranmmueckoi CTpyKType
aBepbeBHTa (110 JaHHBIM KprBoBuYeBa u jap., 2015).

Tabauna 4. Jlnunel cBsseil (A) B kpucramimueckoil CTpyKkType aBepbeBMTa (IO JaHHBIM
Kpusosuuesa u ap., 2015).

Cu2-02 1.869(5) V-02 1.652(5)
Cul-01 1.8798(9)x2  V-03 1.735(4)x3
Cu2-01 1.919(5) M1-Cl 2.178(6)x2
Cul-03 1.987(3)x2 M2-Cl 2.020(6)x2
Cu2-03 2.080(4)x3
01-Cul 1.888(1)x3
01-Cu2 1.924(2)

Kpucrannuueckas cTpykTypa aBepbeBUTa IPEJICTaBIsIET COOOM MOPUCTBIA KapKac U3 CIOEB
OKCOLIEHTPUPOBAHHEIX TeTpadapos [OCuU4]®*, okpyxennsix BaHagaTHeME TeTpadapamu (VOs)* 1o
OpUHIUNY «rpaHb-K-rpann» (Kpusosuues, ®wuatos, 2001). [laHHbIi Kapkac HUMeeT IMIMPOKHE
KaHAJIbI, BHITAHYTHIE BJOJIb OCH C U MMEIOIIHE CBOOOIHBIN auameTp okono 3.7 A. B oTux xanamax
BO3MO>KHO BKJIIOUEHME AJIEKTPOHENTPAIbHBIX KOMIUIEKCOB. B TOHHENAX MOTYT pacroJiararbcs 1Be
KaTnoHHBIe (M1, M2) mnosmmmm u omHa ammonHas (Cl) (pumc. 12). Homsr Cu?*, kortopsie
KOOPAMHUPYIOT ~KHCIOPOAHBIE IEeHTPHl TeTpadapoB [OCu4]®*, dopmupyoT mpaBHIBHYIO
YIOPAOYEHHYI0 CeTKy Karome B Buae crmoeB [O2Cus]®*. Jlns Takux CTPyKTyp XapakTepHBI
YHUKAJIbHBIC MarHUTHBIE CBOMCTBA, CBSI3aHHBIE C A(PPEKTOM CHHHOBOH *xuakoctu (Shores et al.,

2005; Zheng et al., 2005; Colman et al., 2011; Yoshida et al., 2013).
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Pucynok 12. Kpucramdeckas CTpyKTypa aBepbeBUTa BIOJb ocH ¢ (a) u B1osb ocu b (b) (kpacHbie
TIONHDIPBI — OKCOLIEHTPHPOBAHHEIE TeTpasapsl [OCU4]®*, curue monusaps1 — BaHa#aTHEIE TETPAdAPHI
(VO4)*, ceprie mapuxu — nozummu M1 u M2, 3enensie - Cl).

Apowesckum. SlporieBckutr CugO2(V04)4sCly - ouepenHoii mpeacTaBUTENb OKCOBaHAIaT-
XJIOPUJHBIX MUHEPAJIOB MENHW, HAWJIECHHBIN B MPOAYKTAaX JESITEIbHOCTH (pymapoisl «SmoButasy
Broporo miakoBoro koHyca bombiioro tpemnmanoro TonbaunHckoro ussepxkenus (Pekov et al.,
2013d). Ilo pe3ynbTaTaM KOJMYECTBEHHOTO XHMHYECKOTO aHalu3a (GOopMyia spOIIEBCKUTA,
paccumtanHass Ha  ocHoBe 20  (180+2Cl) aHuWOHOB, WMeEeT  CIEAYIOIHA  BUI:
(Cus.80ZNno.07Fe€0.01)s=8.88(V3.87M00.12AS0.03)x=4.02018.01Cl1.99 (Pekov et al., 2013d).

B kpucranmmyeckoil CTPYKType SpOIIEBCKHTa UMeEETCS 6 CHUMMETPUYHO HE3aBHCHUMBIX
no3uruii meu, Cul, Cu2, Cu3, Cu4, Cu5, Cu6, u 2 cHMMMETPUIHO HE3aBHCUMBIC ITO3UIINN BaHAIHS,
V1 u V2. Bce no3utiuu Meau KOOPAMHUPOBAHBI YETHIPHMS aTOMaMH KHCTIOpoja ¢ 00pa3oBaHHEM
MUIOCKO-KBAAPATHON  KOOpAWHAIMOHHON reomerpuu. Ilosumus ke Cu2 KoopauHHUpYyeTcs
JIOTIOJTHUTEIILHO aTOMOM XJIOpa ¢ 00pa3oBaHUEM UCKaKeHHOU TeTparoHanbHou mupamuisl CuO4Cl.
Kpucrammudeckyro  CTPYKTypy  SIpOIIEBCKHTa  MOXKHO  OMUCaTb B TEpPMHUHAX  Kak
KaTHOHOIICHTPUPOBAHHBIX, TaK ¥ aHHOHOIEHTPHUPOBAHHBIX MOJIMAAPOB. KoopawHammoHHOE
OKpYXCHHME KaTHOHHBIX MO3MLIUN B SPOLIEBCKUTE MPEACTABIECHO Ha pucyHke 13. [lnuHbI cBs3ei

KaTHOH-aHHUOH IPEJICTaBICHBI B TAOIUIE 5.



Pucynok 13. Koopaunannonnoe okpyxkenue nosunuii Cul, Cu2, Cu3, Cu4, Cus, Cu6, V1 u V2 B
KPHUCTaJLIHYECKOM CTPYKTYpe sporneBckuta (rmo maHabiM Pekov et al., 2013d).

Ta6anna 5. [lnuns cesaseii (A) B kpucTanmmueckoii ctpykType siporesckura (1o JanHbiM Pekov et
al., 2013d).

Cul-08 1.885(6) V1-05  1.670(7)
Cul-06 1.913(6) V1-03  1.729(6)
Cul-05 1.941(7) V1-04  1.737(7)
Cul-07 1.967(6) V1-02  1.771(6)
Cu2-01 1.934(7) V2-01  1.653(7)
Cu2-02 1.957(6) V2-08  1.718(6)
Cu2-03 1.960(6) V2-06  1.721(6)
Cu2-03 2.055(7) V2-09  1.745(7)
Cu2-Cl 2.553(3)

Cu3-07 1.897(6) O7-Cu3  1.896(1)
Cu3-02 1.913(6) 07-Cu4  1.916(2)
Cu3-09 1.931(7) O7-Cu5  1.916(1)
Cu3-04 1.983(6) o7-Cul  1.967(1)

Cu4-07 1.916(6)x2
Cu4-08 1.984(7)x2

Cu5-07 1.916(6)x2
Cu5-06 1.995(6)x2

Cu6-09 1.875(7)x2
Cus-04  2.032(7)x2

B TepMHHOJIOTMH KAaTHOHOIICHTPUPOBAHHBIX IOJIMAAPOB KPUCTAUTMUECKYIO CTPYKTYpPY
HpOHIeBCKI/ITa MOXHO HpeJICTaBI/ITI) B BHC KapKaca, COCTOALICTO U3 FO(l)pI/IpOBaHHI)IX ICIIOYCK,
pa3BI/ITI)IX B IINIOCKOCTH ac, KOTOpI)Ie COCOUHSOTCA Me>1<)1y CO6OI>1 KaTI/IOHOHeHTpI/IpOBaHHBIMI/I
BaHAJIATHBIMH W MEIHBIMU MOJUdIpaMu. llernouyeuHbie KOHCTPYKIMHM MPEICTABISIOT CcO0OM
COeMHEHHBIC Yepe3 o01mure pedpa MIoCKue KBaapaThl, B IIEHTPE KOTOPHIX PaCoOaraloTcs aTOMbI
meau Cul, Cu4, CuS (puc. 14a). Bmoms ocu ¢ mapajielibHbIe JIPYT APYTY IETMOYKH CBA3BIBAIOTCS
MOCPEACTBOM BaHAIATHBIX TETPAdAPUICCKUX KOMIUIEKCOB U INIOCKUX KBAJIPaTOB, B IICHTPE KOTOPHIX
Haxosarcst atombl Meau Cu3 u Cu6 (puc. 14b). TTosumusa Cu2 HaxoauTCs B IEHTPE MATHBEPIINHHIKA,
06pa3OBaHHOI‘O HyTCM OKPY)KCHI/IH aToMa Meau quBIpI:MSI aToMaMu Kncnopona U OAHOIo aromMma

xJyopa (puc. 13).
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Pucynoxk 14. Kpucraimmueckas CTpyKTypa SPOIICBCKUTA B  KATHOHOIICHTPHPOBAHHOM
npezacrasiaennu (o ganasiM Pekov et al., 2013d) (kpacusie — kBaaparubie ceuenust Cul, Cu3, Cu4,
Cub, Cu6, 3enenbie monmdapbl — CUO4Cl mupamuapt no3unuu CU2, CHHUE MTOMUAAPBI — BAHAAATHBIC
tetpaspsl (VO2)*.

Ha npumepe sipolieBcKuTa HArISHO MOKa3aHa TPOMO3JIKOCTh MPEICTABICHHS CTPYKTYPHI B
KaTHOHOLIEHTPUPOBAHHOM  PACCMOTPEHHUU TMONMAAPOB MeAW. Tlorga Kak, B TepMHUHaX
AHUOHOIICHTPHUPOBAHHBIX TOJUAIPOB B OCHOBE KPUCTAITUICCKON CTPYKTYPHI SIPOIICBCKUTA JIS)KAT
OKCOIIEHTpHpoBaHHbIe TeTpadapsl [OCu4]®". Terpasapsr [OCu4]®* coenmnsiorcs gepes obume Cu-
BEpIIMHEI ¢ 00pa30BaHMeM MUpOKceHonoao6HbIx nemneii [O2Cus]® (Liebau, 1985). B mpocTpancTBe
MEXY TETPadAPUUECKUMHU OKCOIICHTPUPOBAHHBIMU IIETIOYKAMH PACIIONAraloTCs H30JUPOBAHHBIC
opToBaHagaTHEIE KoMIuTeKchl (VO4)¥, mosunmm mMemu, He BXOASMINE B OKCOKOMIUIEKCHI, M aTOMBI

xjopa (puc. 15).

A /8. /8.

Pucynoxk 15. Kpucrammueckas CTpyKTypa SpOLIEBCKUTA, IPEICTABICHHAs C IOMOUIBIO
OKCOIIGHTPHPOBAHHBIX ~ TeTpasapoB  [OCu4]®"  (kpacmsie -  [O2Cug]®* memouxkm 3
OKCOIIEHTPHPOBAHHBIX TeTpasapos [OCU4]®", curne mommampsr — (VO4)* Tetpasaps).



44

Aneymum. Aneyrut [CusO2](AsO4)(VOa)-(Cuostos)Cl 6bi1 Haliien B pymapoiie «SInoButasy
Broporo mmakoBoro koHyca CeBepHOro mpopbiBa boibmioro TpemmHHOr0 Toa0avynHCKOTO
u3BepxeHus 1975-1976 rr., [lonyoctpos Kamuatka, Poccusi. AneyTuTt oueHb peloK U TECHO CBSI3aH
C aHruJIpuToM. JIpyruMu COMYTCTBYIOIIMMU MHUHEpaJlaMU SIBIISIOTCA 9BXJIOPHH, KaM4YaTKHT,
JaHrOEHHUT, JIMOHCHUT, NICEBIOJMOHCUT, TeHOpHT, remarut (Siidra et al., 2019b). Dmmupuueckast
dbopmyna AICYTHTA, paccuuTaHHas Ha OCHOBE (As+V+Mo+Fe):
(Cu4.94Zn0.05Ca0.01)55.0002.11[ (AS0.54V0.42M00.02F€0.02)x1.00053.93] 2 (CU0.46 K0.05Pb0.02R10.01CS0.01)20.55Cl1
07.

Kpucrannuueckast CTpyKTypa ajleyTHTa COJIEPKHUT YEThIpe CHUMMETPUYHO HE3aBHCHMBbIX
nosurmu Cu, 3aHATBIX KaTHoHaMu Cu?’, ¢ pasIMUHBIME KOOPAMHAIMOHHEIMH OKDPYKECHHSMI.
[To3unus Cul xoopauHupyercs yeTblppMs aromMamu O, oOpa3ys nmoutu miockuil kBaapar CuOg,
KOTOpBIi nonomnHsaeTcsa anukanbHeM Cl” annonom n ogaum O% arnoHoM. B pesymbrate o6pasyercs
yamuHeHHbIH okTadap CuOsOCI. Tlozumuu Cu2, Cu3 u Cu4 KOOpIMHUPYIOTCS MATHIO aTOMaMH
KHCIIOPOJ1a KK/BIN, U B pe3yJibTaTe 00pa3yroTCs PaBHWIbHBIC TPUTOHAIBHBIC Ourrpamuabl Cu2Os
U CUJBHO MCKaKeHHble TeTparoHainbHbele nupamuasl Cu30s u Cu4Os. Ilomumo 3TOrO, B
KPUCTAIIMYECKON CTPYKTYpE alleyTHTa MPUCYTCTBYET MO3ULIUA M, 3aHUMaeMast IOTOJIHUTEIbHBIMU
onnoBaneHTHbIMH (K, Rb, Cs) u nByxBamentHeiMu katuoHamu (Pb) (puc. 16). MexxaTomHbIe
PACCTOSIHUS B KPUCTATMYICCKON CTPYKTYpE aJleyTHTA MIPEICTABICHBI B Ta0IHIIE 6.

Taéauua 6. [{munbl cBaseii (A) B kpucTanmmyeckoii cTpykType aneytura (o nanueiv Siidra et al.,

2019b).

Cul-01  1.911(8) Asl-08  1.69(1)x2
Cul-02  1.930(7) As1-06  1.69(1)
Cul-03  2.02(1) Asl-04 1.70(2)
Cul-08  2.02(1)

Cul-05  2.55(1) V1-07  1.64(2)
Cul-Cll  2.76(1) V1-05  1.71(1)

V1-03  1.76(1)x2
Cu2-07  1.86(1)

Cu2-02  1.94(1) M1-04  2.32(1)x2
Cu2-08  2.03(1)x2 M1-08  2.50(1)x2
Cu2-06  2.10(2) M1-CI1  2.56(2)x2
Cu3-04  1.92(2) O1-Cul 1.911(8)x2
Cu3-01  1.93(1) 01-Cu3 1.93(1)
Cu3-01  1.93(1) 01-Cu3 1.93(1)

Cu3-03  231(1)x2

02-Cul  1.930(7)x2
Cud-05  1.94(1) 02-Cu2  1.94(1)
Cud-02  1.94(1) 02-Cud  1.94(1)
Cu4-06  1.95(1)
Cud-03  2.18(1)x2
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Taxxke B KpHUCTANIMYECKOW CTPYKType alleyTHTa IPUCYTCTBYIOT JABa TETPAdIPUUECKUX
II0JIO’KEHUS, KOOPIMHUPYEMbIE YeTbIpbMs aHnoHaMu O kaxabiil. [lo3unus Asl npeumyiiecTBeHHO

3aHATA KaTHoHaMK As®', Toraa kak nosurus V1, B ocHOBHOM, 3aHATa KatroHamu V°' (puc. 16).

Pucynok 16. Koopmunammonnoe okpyxkenue moszunumii Cul, Cu2, Cu3, Cu4, M1, Asl u V1 B
KpHCTaJUIYecKor cTpykType aneyrura (Siidra et al., 2019Db).

Kpucranmudeckas CTPYKTypa ajeyTHTa NOCTpoeHa Ha ojHOMepHhIX jeHtax [O2Cus]®, mo
bopMysie CXOKHUX C aBEPbEBUTOBBIMH CIIOSMH, HO B OTJIMYHAE OT TMOCICTHETO0 B alCyTHTE
OKCOIIEHTPHUPOBAHHBIE TETPAIPHI 00BEANHIIOTCS KaK C TOMOIIBIO BEPIIINH, TaK U C y4acTHEM pebep,
a camu aneyTuToBble Komiekchl [O2CuUs]®* npencrapnsior pazobuieHHEIe GparMeHTH KaroMe CeTKH
(Mekata, 2003). (AsO)* u (VOs)* Tterpasapsl npucoemunensl k [OCus]®* Terpasmpam rpanb-k-
rpanu (Krivovichev et al., 2013), oOpa3yst TeM caMbIM MOPHUCTBINA JICKTPOHEHTPATBbHBIN KapKac
{[Cus02](AsO4)(VO4)}°, kaHamel KOTOPOTO 3aceNeHbl XJIOPHAHBIMH KOMILIEKCAMH METaJlIoB
nosutiun M (puc. 17). Takum o00pa3oMm, ajleyTUT MOXKHO KJIAaCCU(PUIHUPOBATH KaK HOBBIM

me3omnopucThiii MaTepuai (Siidra et al., 2019b).



Pucynok 17. OOmiast mpoeKius KpUCTAUIMYECKON CTPYKTYphI ajeytuTa Baosb ocu C () u b (b).
Tetpasapuueckuii kapkac obpasoban [OCU4]®* (kpacuble Tetpasapsr), (VOs)* (cunue TeTpasaps) u
(AsO4)* (opamxkesbie) TeTpadapamu. Kanamsl (~ 5.81 x 6.81 A) B kapkace 3amoTHEHb! a3 IHIHEIMH
MeTaJlJIaMH, 3aHUMAOIIMMU CMelIaHHyto no3uimio M1 (duosneroBbie Mo3MIUKM) M XJIOPUAHBIMH
aHuOHaMHU (3eneHble). DparMeHT KPUCTAIIMYECKOW CTPYKTYphl ajeyTuTa, JEMOHCTPHUPYIOIIMMA
cnoxkHoe pacnonokeHne CU-IIEHTPUPOBAHHBIX — TOJMAIPOB  (CBETJIO-TONYOBIE  MPO3payHbIe
MOJIMA/IPBI) U IIECTUWIEHHBIE KOJblla, 00pa3oBaHHble OOBEAMHEHHBIMH 10 BEpIIMHAM M pedpam
[OCu4]®* TeTpasmpamu (c) (Siidra et al., 2019b).

Joxyuaesum. Jloxyuaesut CugO2(V04)3Cls Taxke Obl1 HailineH B ¢Gymapose «SmoButas»
Broporo mutakoBoro konyca BTTH, oOHapykeH Ha KOpKax pa3IUYHBIX MEIHO-CYIb(paTHBIX
skcransaiuoHHbix MuHepaioB Kamuyatkura KCuzOCI(SO4). (Bepracosa u mp., 1988a) u sBxiiopuHa
KNaCus0(S04)3 (Scordari et al. 1989) B Bue oTAeIbHBIX TPU3MATHUECKUX KPUCTAILIOB. [10 TaHHBIM
KOJIMYECTBEHHOTO XMMHUUECKOTO aHajk3a IMIIUpruIecKkas (opMyia JOKy4aeBHTa, PACCUUTAHHAS HA

OCHOBE 17 aHUOHOB (140+3Cl) AMeEET CIIeTYIOIINN BUI:

(Cu7.72Zno.06F€0.05)=7.83(V2.20AS0.61M00.10S0.06P0.03Si0.03)=3.03013.96Cl3.04 (Siidra et al., 2019c).
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Kpucrammndeckas CTpyKTypa JOKy4aeBUTA COACPKUT BOCEMb CHMMETPUYHO He3aBUCHMBIX CU
NO3MIIMKA € Ppa3jIMYHBIMU KOOPJAMHAIMOHHBIMH OKPY)KCHHSAMH. Bce MeaHbIe TMO3MIUH, 32
uckmouenrueM CUS, 1eMOHCTPUPYIOT CMEIIAHHYIO JTUraHAHYI0 KoopauHaiuto. [Tosumuu Cu3, Cu4 u
Cu8 xapakTepu3yroTCs CXOTHBIMH HCKOKCHHBIMH KBaapaTHbIMU mHpaMuaanbHbiMu [(40)+Cl]
koopauHammsmu.  Jlns  mosunmum  Cu2  wHaOmomaercs nsatukparHas, Ho o [(20)+(20+Cl)]
koopauHaruoHHas reomerpus. s mosurmit Cul m Cu6 ormeuatorcss CuOsCly mommsapsr ¢
[(BO+CIN+CI] u [(20)+(0+2Cl)] KOOpAUHAIIMOHHBIMU OKPYKCHUSMH, COOTBETCTBEHHO. [lo3urius
Cu7 umeer penkyro MmiockocTHyro kBaapatHyio [30+Cl] cMmemnranHO-ITMraHIHYI0 KOOPIUHAIUIO.
[Mosumst Cu5 wmeer cuibHO wucKaxkeHHy0 [(30)+20] TpuroHaibHyl0 OUIHPAMUAATBHYIO

KOOPJIMHAIIMOHHYIO reoMeTpHIo (Tadim. 7, puc. 18).

Tabauna 7. J{nuuel cesaseit (A) B kpucTammnyeckoii cTpykType A0KydaeBuTa (1o gaHHbIM Siidra et
al., 2019c).

Cul-O1 1.928(11) Cu5-07 1.906(12)  T1-O11 1.635(12)
Cul-06 1.963(12) Cu5-010 1.956(12)  T1-03  1.707(10)
Cul-02 2.003(11) Cu5-01 1.972(11) T1-010 1.721(12)
Cul-Cl2 2278(5)  Cu5-02 2067(12) T1-012 1.757(12)
Cul-Cll 2767(5) Cu5-O3 2.085(10)

Cu2-014 1.862(11) Cu6-012 1.907(10)  T2-O7  1.646(11)
Cu2-08 1.868(12) Cu6-09 1.994(11)  T2-02  1.719(12)
Cu2-04 2.068(11) Cu6-013 2.101(12)  T2-06  1.745(10)
Cu2-09 2.247(12) Cu6-Cl2 2.399(5) T2-05  1.765(11)
Cu2-Cl3 2.401(5)  Cu6-Cll 2.466(5)

Cu3-O1 1906(10) Cu7-O14 1.904(10)  T3-08  1.619(12)
Cu3-03 1.940(11) Cu7-013 1.922(11)  T3-04  1.692(11)
Cu3-04 1.962(11) Cu7-012 1.937(12)  T3-013 1.722(12)
Cu3-014 1.977(10) Cu7-CI3 2.364(5) T3-09  1.779(11)
Cu3-Cl1 2.789(4)

Cu4-O1 1.899(11) Cu8-O11 1.875(11)  O1-Cud 1.898(10)
Cu4-O14 1.946(11) Cu8-O5 1.926(11)  O1-Cu3 1.906(12)
Cu4-010 1.947(12) Cu8-06 1.934(11)  O1-Cul 1.929(11)
Cu4-09 2.036(11) Cu8-O5 1.960(11)  O1-Cu5 1.972(11)
Cud-Cll 2.672(4)  Cus-Cll 2.837(4)

014-Cu2 1.861(10)
014-Cu7 1.903(10)
014-Cud 1.947(9)
014-Cu3 1.978(11)

B nokyuaeBuTe Takke MPUCYTCTBYIOT TPH CUMMETPUYHO HE3aBHCUMBIX TETPAdIPUUECKUX T -

TIO3HIMH, 3aHATHIX nperMymectBenHo V', Kpome Toro, Bce mosurmu T cojepkaT 3HAUNTETHHOE
5+ N

komudectBo AS®. Omnako, T-O 1auHBI CBS3eM W YIVIBI HaxOASTCS B JUAla3oHE OOBIYHO

Ha0JII01aeMBbIX B BAHAJATHBIX CTPYKTypax (tadiu. 7, puc. 18).



48
ci ci13

ci ci
06
cl2 014 Cu2 O8
- Cul ¢ 04 Cu3 ’O 1
- o1 \ 09 0’14 ' \\

04 03

[(30+Cl)+Cl] [(20)+(20+CI)] [(40)+CI] [(40)+CI]
ci cn

06
% Cué 012 o11 P
. 7 ¢ - 05
Cu8
ci2 013 013 o2
@ [(30)+20] [(20)+(0+2Cl)] [30+CI] &’
[(40)+C]
ot @ cu2
v cur @ "2 Cu7
c
014 014 i
© © i Cu8 Cu8
Cu3 Cu4 01 Cu3 Cu4 o1 Cu3
(®) Cu5  cu1 Cus ¢y (c)

Pucynok 18. Koopaunamnuonnoe okpyxenue nosumuit Cul, Cu2, Cu3, Cu4, Cu5, Cu6, Cu7 u Cu8 B
KPHCTAIUTHYECKOH CTPYKType nokyudaeButa (a). Llemouku [O2Cus]®" 13 06beniHeHHEIX MO 06IIMM
BEpIIIMHAM OKCOIIEHTPUPOBaHHBIX TeTpasapoB (h). Cu8-neHTprpoBaHHbIE AUMEPHBIE €IHMHUIIBI (C)
(Siidra et al., 2019c).

B kpucTanmuueckoil CTpyKType D0KydaeBuTa Tetpadapbl [OCU4]®t o6beunsioTcs mo obumm
MeJHBIM BepiuHaM, oopasys [02Cus]®" m3onmupopanusie nenoukn. Tomomorus uermu [O2Cus]® B
JIOKy4aeBUTe O4eHb Moxoxka Ha [Si2Os]* cumukaTHyIO 1enb B MUHEpaTaX MHPOKCEHOBOM IPYTIIBI
(Liebau, 1985), rme xaxmwlit Terpasap (SiOs)* 3aMeHEH OKCOIEHTPUPOBAHHBIM TETPAdIPOM
[OCus]®*. Tenoukn [O2Cus]®* B moxyuaeBuTe XOpomo u3BecTHH B CU?* OKCOCONAX M MOTYT GBITH
omucaHbl Kak pparmentsl karome-cetok (Kovrugin et al., 2015; Siidra et al., 2018a). [To3unuu Cu6b
u Cu8, He sBIAIONIMECS YaCThIO OKCOLIGHTPUPOBAHHBIX TETPAdIPOB, OOpPa3ylOT IHUMEpHI,
ydacTBylomue BMmecTe ¢ renoukamu [O2Cus]®* B o6pasoBammu TpexmepHOro Kapkaca. BryTpu
monocreii JaHHOrO Kapkaca pacrnomaraiorca (TO4)® cMelmanHble TeTpadapHuecKue TPYMIB! (pHC.

19). Takum o00pa3oMm, CTPYKTypHyIO GOpMydy JOKydaeBHUTa MOXHO 3amucaTh  Kak
Cu2[Cue02](VO4)sCls (Siidra et al., 2019c¢).



*Q
« ©CI
«

copper oxide
and chlorine
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Pucynoxk 19. O0mas npoeKIus KpUCTAIUTMYECKON CTPYKTYPHI TOKyJaeBUTA BJIOJIb OCH d (2) U BIOJb
ocu b (b) (KpacHBle MOTMAAPHI — OKCONEHTPUpPOBaHHEIE TeTpadaphl [OCU4]®*, cunme mommdapsr —
BaHa/[aTHBIE TeTpadapudeckue rpymmuposku (VO4)*) (Siidra et al., 2019c).
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I'naBa 2. JkcnepMMeHTAJILHAS YACTh U METO0JIOTHS UCCJIeOBAHNS

2.1 MeToabl CUHTE3A

B Hacrostiel riiaBe ONMChIBAIOTCS HCIOIb3YEMbIE B IJaHHOM paboTe METO/IbI CHHTE3a 00pa3IoB
HOBBIX MHUHEpAJIONOAOOHBIX COEJUHEHUN  (BBICOKOTEMIIEpAaTypHbIE METOJbl TBEpIO(a3HBIX U
ra30TPaHCHOPTHBIX XMMHUYECKHX DPEaKLMi), a TakKe METO/Abl MCCIEeIOBaHMs, PUMEHEHHbIE VIS
JIOCTUKEHUSI TOCTABICHHBIX LEIU M 33434y (PEHTT€HOCTPYKTYPHBIM aHalIM3, KaueCTBEHHBIM H
KOJIMYECTBEHHBI XMMHUYECKHE aHaIM3bl, HOopouikoBas peHTreHorpadus, HMK-cnexrpockomnus,
PamaHoBcKas criekTpockomnusi, TepMmopeHTreHorpadus, repmudeckuit ananus (T n JICK), a Taxxke
MarHuTHble u3MepeHus). [lomuMo 3Toro, B JaHHOHM IJlaBe NpPUBEIEHBl OCHOBHBIC MPHHLUIIBI
pacyeTOB HE3aBUCUMBIX BEJIMYMH, HCIOJIB3YEMBIX B HHTEPIPETALMM PE3yJbTAaTOB pPa3IMYHBIX

AaHaJIM30B.

2.1.1 BpIicokOTeMNepPaTYPHbIl MeTO] XHMHYECKOI0 ra30BOro TPAHCIOPTA U TBepao(da3HbIX

peakumii B BaKyyme

B kagectBe Hamboiee NpPUOIMIKEHHBIX K MPHUPOJHBIM YCIOBHSIM MHHEPAIOOOpa30BAHHS
HKCTASIIIMOHHBIX MUHEPAJIOB IPYIIBI OKCOBAHAAAT-XJIOPHIOB ME/IH, a TAKXKE ONTUMAIBHBIX C TOUKU
3peHHst J1abopaTOpHOro 00OpYNOBaHMS M OCHAIIEHHs, OBbUIM BBIOPaHBI METOAbl XMMHUYECKHX
razoTpaHcnopTHbIx peakiuii (CVT-MeTon) B BaKyyMHUPOBaHHBIX KBapieBbiX TpyOkax (Panella et al.,
2017; Heinemann, Schmidt, 2020; Kovrugin et al., 2017; 2019) u TBepmodasHOro CHHTE3a
(TpetbsikoB, 1978; Merrifield, 1986; Ben Smida et al., 2020; Aykol et al., 2021).

B pe3ynbrare BhINOIHEHUS TaHHON pabOTHI CyMMapHO ObUIO Mpou3BeneHo 150 cuHTe30B, U3
koTopeix 130 ocymiectsnens! B cucteme CUO-V20s-CuCl, u 20 ¢ yuactuem V4 B cucreme CuO-
V0O2-As20s. Pearentsr CuO (Sigma-Aldrich, 99.995%), V20s (Sigma-Aldrich, 99.6%) u VO:
(Thermo Scientific, 99%) npeaBapuUTeIHLHO BHICYIIMBAINCH B CYIIMILHOM IIKady Mpu TeMIepaType
100 °C B Teuenme 5 yacoB. Mcmonmb3oBanue umcthix peareHToB CUCIl2, AS20s Ttpebosaio
NpeBapUTEIFHOTO MIPUTOTOBIICHHUS U3 JIPYTrUX PEaKTHBOB, UMEIOIIUXCS B JTabopaTopuu Kadeaps
kpuctayutorpapun CII6I'Y. Xnopun memu (1) CuClz, ucmons3yembiii BO BceX CHHTE3aX, ObLT
nojydeH B mporecce obesBoxkuBanus kpuctamioruapara CuCly-2H.O (Sigma-Aldrich, 99%) B
BeicokoM Bakyyme (107 m6ap) npu Temmeparype 100 °C (Bpaysp, 1985). B pesynbrarte yero
ronyObsie oueHb rurpockonuunbie Kpuctauibl CuCly:2H>O mepexoast B TeMHO-KOPHYHEBBIC
kpuctaiuibl CUClz, xotopsie ObicTpo 00BoAHSIOTCS Ha Bo3nyxe. Okcun Mblimbska (V) As;Os ObL
MOJIyYCH BBITAPUBAHUEM MBIIIbIKOBOM KUCI0ThI H3ASO4 (Sigma-Aldrich, 99%) npu temneparype
300 °C (bpayap, 1985). Takum oOpa3om, Macca 13 OENBIX MPO3PAYHBIX BOASHHUCTHIX KPUCTAJIIOB

H3AsO4 nocrnie aerumpaTaiuu NepexoauT B OCIbIN PBIXJIBbI TUTPOCKOMMYHBIN TOpoIok AS2Os.
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Jlns kaxJoil cMecu Bce KOHEYHBIE peareHThl ObICTPO MepeMEeNIMBAIUCh APYT ¢ IPYIOM U
M3MEJIbYATIUCh B araTOBOM CTYIIKE Ha BO3AYyXE B TeueHHUE MeHee ueM 5 munyt. Kaxnas otnenbHas
peaklMOHHAsE CMECh 3arpyxajach B KpapueByro amnyiy (15 % 0.9 cm), kotopas 3arem
BakyymupoBanack (102 mOGap) m namee repMeTM3HMpoBanach. 3aTeM 3amasHHAs aMIyna C
PEaKIMOHHOMN CMECHIO ITOMeIllajach TOPU30HTAIBHO B TpyOuaTyro MmydenbHyto neub Nabertherm, rae
HarpeBanach 10 600 °C (rpynma cuaTe30B A) / 650 °C (rpynma cuate3oB B) B Teuenue 10 qacos,
3aTeM 3aJjaHHas TeMIlepaTypa BbIACp>KUBAJIAaCh B TeueHHUE 6 uvacoB. TemrepaTypHbI TrpaaueHT
MEXIy 30HOH 3aKJIaJIKu (ropsiueid 30HOM ) ¥ 30HOM KPUCTAUIM3AIUH (XOJIOHOM ) KBAPIIEBOM aMITyJIbI
B nneun ouenuBaetcs B 50 °C. 3areM KBapLeBas aMIlylia MEAJICHHO oxJyaxaanack 10 550 °C B TeueHue
10 gacoB, mocie yero MpouCcXouiIa BIZICPKKaA P IaHHOM Temreparype. Hakonelr, neus MeIJIeHHO
OXJIQXAAJIaCh 0 KOMHATHOM TeMIepaTypbl MPO0JKUTETLHOCTHIO 90 yacos.

Ha pucynke 20 npezacraBieHa TpeyrojibHas AMarpaMma CUHTETHYECKHX (a3, IOTy4YeHHBIX B
cucteme CuO-V20s-CuCly. Bbutd  BBIMOJNHEHBI JBE TPYIINbI CHHTE30B, Pa3IHYAIONUIHXCS
MaKCHUMaJIbHOH TeMIIepaTypou, JTOCTUTAaeMON MpH HarpeBe MyQenbHoi meun. ['pynma A orBedaer
COBOKYITHOCTH CHHTE30B, BBIMOJHEHHBIX C JOCTHXKEHHEM MakcuUMalibHOW Temmeparypsl 600 °C,
TOTJa KaK CUHTE3bl TPYIIbl B 1ocTHrany MakcUMalbHYIO TeMIlepaTypy, olieHuBaemyio B 650 °C.
Jns xaxaoi rpymnmnbl CUHTE30B 3aUKCHPOBAHBI MONYYeHHbIE KOHEUHbIE (a3bl, ONpe/ielIeHHbIE B
pe3yabpTaTe MPOBEPKH TOTOBBIX aMITYJI METOJAMU PEHTICHOCTPYKTYPHOTO W PEHTreHO(]a3oBOTO
ananm3a. Ha quarpamme Mo>kHO HaOmrogaTh pasnnure (Ga3oBoro coctaBa rpyImi CHHTE30B A u B, o
KpaiiHeil Mepe, B MATH ToYKax CUCTeMbl. OTIENBHO CTOUT OTMETUTh, YTO MOHOKJIMHHAS
nonumopdHas Moaudpukaus konapeuta -CusO2(VO4)Cl (P2/n), monyueHHast B rpyIne CHHTE30B
A (Tmax =600 °C) B rpymme cuuTe30B B (Tmax = 650 °C) He Obuta onpeneneHa. Torma Kak KpUcTaibl
cuHTeTHYecKkoro ananora konapcura o-CusO2(VO4)Cl (Pbcm) Obutn naenTudumposansl B 00eux
rpynnax cuHTe30B A u B. [TogpoOHoe onrcanue cuHTe3a U TEMIEPATypHOTO peKuMa IS KaXKI0Tro
MOJIYYeHHOTO HOBOTO COEIMHEHMS MpeACTaBieHo B npunoxenusx 4.2.1, 4.3.1, 4.4.1, 4.5.1, 4.6.1.

doTorpaduu KpUCTAIUIOB TOTYIEHHBIX (a3 MpUBEIECHBI B IPUIIOKEHUX 4.2.2-4.6.2.
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Group A Group B
\V/ O T, =600 °C T =650 °C
25

“Aleutite” Cu,0,(VO,),-(KCI),.

®
@ Coparsite polymorph B-Cu,0,(VO,)Cl
@ ‘Coparsite” a-Cu,0,(VO,)CI @ ‘Coparsite” a-Cu,0,(VO,)CI
@ Averievite” Cu,0,(VO,),(CuCl) @ Averievite” Cu,0,(VO,),:(CuCl)
( “Yaroshevskite” Cu,0,(VO,),Cl, “Yaroshevskite” Cu,0,(VO,),Cl,
@ ‘“Stoiberite” Cu,0,(VO,), @ “Stoiberite” Cu,0,(VO,),
@ Mcbirneyite” Cu,(VO,), @ Mcbirneyite” Cu,(VO,),
@ ‘Pseudolyonsite” Cu,(VO,), @ “Pseudolyonsite” Cu,(VO,),
“Fingerite” Cu,,0,(VO,), “Fingerite” Cu,,0,(VO,),
() ‘Blossite” a-Cu,V,0, _) ‘“Blossite” a-Cu,V,0,
@ Ziesite" B-Cu,V,0, @ Ziesite” B-Cu,V,0,
@ “Melanothallite” Cu,CI,O “Melanothallite” Cu,CI,O
@ Tenorite” CuO @ Tenorite” CuO
[ “Shcherbinaite” V,0, “Shcherbinaite” V,0,
® Vo ® Vo
® Vo, ® Vo,
@® CuyViOun ® Cu.,VO,:»
@® CuV,0, @® Cuv,0,
@® CuVvo, ® Cuvo,
[ Cu, 4, V.0, Cu,,,,V,0,
@ ‘Belloite” CuUOHCI
“Tolbachite” CuCl,
Amorphous phases
CuO CuCl,

Pucynok 20. Tpoitnas cucrema CuO-V20s-CuCly ¢ Toukamu COOTHOIICHHH BBIMOJHEHHBIX
CHHTE30B U ITOJYYEeHHBIX (a3 COOTBETCTBEHHO.

Bropas cucrema CuO-VO,-As;Os Oblia paccMOTpeHa KakK IOTEHIUAIBHOE TIOJIC IS
TIONTYdeHHs] COeJMHEHNH ¢ COBMECTHBIM ydacTHeM HoHoB Cu?* u V**| BzammoneiicTBHE KOTOPHIX
MPUBOJUT K YHUKAIbHBIM MarHUTHBIM CBOMCTBaM. BbIIN HCTIOMB30BaHbI CIEAYIOIINE COOTHOIICHUS
UCXOOHBIX peareHTos: 1:1:1, 1:2:1, 1:1:2, 2:1:1, 3:1:1, 1:1:3, 1:3:1, 2:1:3, 3:2:2, 1:3:2, 1:2:3, 2:3:5,
1:5:3. Bemonnennsie 20 CHHTE30B B JAHHOW CHUCTEME MPHUBEIHM K IMOJIYYECHUIO OJHOTO HOBOTO
coenuHeHuss — HoBoro BaHamuia-apceHata wmean Cu(VO)2(AsOs)2, ¥ MHOTMX HW3BECTHBIX
HOBTOPsOLINXCS (ha3, KOTMYECTBO KOTOPHIX HE COCTABUJIO CTATHUECKH MOJIHYIO 6a3y, M0 CPaBHEHUIO
¢ BoimepaccMorpenHoi cuctemoit CuO-V205-CuCly. HccnenoBanubie Touku cuctembr CUO-VO2-
As20s He OyayT mpeicTaBiIeHbl B OpMe TPEYroJIbHUKA, TaK KaK JJIs1 HEKOTOPBIX TOYEK OTCYTCTBYET
(axTOp BOCIIPOU3BOAMMOCTH BBHLY HEOOJIBIIOTO KOJTUYECTBA NOCTABIEHHBIX CHHTE30B B CPAaBHEHUU
¢ cuctemoii CuO-V205-CuClyz. IToatomy st cuctembr CUO-V O2-As2Os BMecTo ToApoOHO# TPOITHOM
JTUarpamMmmbl ¢ (a30BbIMH OIPEIEICHUSIMU, TPUBOJUTCS TaOJMIIa BCeX MOTydYeHHbIX (a3 (Tabi. §).

Ta6auna 8. CoequHEHNUs, TOIYUYCHHBIC B MPOIIECCE BHICOKOTEMIIEPATYPHBIX CHHTE30B B CHCTEME
CuO-V02-As,0s.

Coennnenue CchlIKH

Cu(As04)2(VO), Jlannas paborta

o-CuzV207 Calvo, Faggiani, 1975
B-Cu,V207 Mercurio-Lavaud, Frit, 1973
Cus02(VO4)2 Shannon, Calvo, 1973c
o-Cu2As,07 Weil et al., 2004
B-Cu.As;07 Weil et al., 2004

V307 Waltersson K.et al., 1974

(H2As04)2(VO) Wang, Lee, 1991
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Boicokomemnepamyphutii Mmemoo Xxumuueckux 2a3ompancnopmHslx peaKyuil

XUMHUYECKUM TpPAaHCIOPTOM Ha3bIBAa€TCsl MPOLECC MaccolepeHoca II0J BO3ACHCTBUEM
rpaleHTa TEeMIIepaTyp C Y4YacTUEM JIETy4ero BELIeCTBa, HA3bIBAEMOI'0 TPAaHCIOPTUPYIOLUIUM
arentoM (Llledep, 1964; Kanauc, 1977; Kosznosa, 1980; Panella et al., 2017; Heinemann, Schmidt,
2020; Kovrugin et al., 2017; Kovrugin et al., 2019). XuMmudeckuii TpaHCIIOPT OCYIIECTBISETCS
BCJIEJICTBUE XMMHYECKOTO B3aMMOJIEHCTBHS TPAaHCHOPTUPYIOLIETO areHTa ¢ TPAaHCHOPTHPYEMBbIM
BEIIECTBOM, YTO INPHUBOIUT K OOpa30BaHMIO Ia3000pa3HbIX IPOAYKTOB peaklUH, Ha3blBaeMOH
XMUMHUYECKOW TpaHCIOpTHOM peakuumeit (Schmidt et al., 2013). ["a3000pa3Hble TPOIYKTHI PEaKLUK
IIEPEHOCITCS M3 30HBl 3aKIAJKH C TeMmiepaTypod Ti B NPOTHBONIOJOXKHBIA KOHEL[ aMITYJbl C
temneparypoit Tz. Ilpu Temmeparype T2 mporekaer oOpaTHas peakuus, COINPOBOXKAAOLIAsICS
KpUCTa/NIM3aled TPaHCIOPTUPYEMOI'0 BEIECTBA U BBIIEJIEHUEM TPAHCIOPTHPYIOLIETO AareHra,
OTCI0JIa BBITEKAE€T Ha3BaHUE 30HBI KpucTtaumzauuu (puc. 21). TpaHCHOPTUPYIOUIMIT areHt
BO3BpamaeTcss oOpaTHO B 30HY T1, M IIMKJI MHOTOKPATHO IOBTOPSIETCS /O IOJIHOTO MEpeHoca

TpaHcnopTupyemoro Beriectsa (Panella et al., 2017; Heinemann, Schmidt, 2020).

30Ha KpUCTaNMM3aLMH
——————————————————— T > A
TeepaodasHble @ - I T _<$W e i
30Ha 3aKnagKu
3aknanku \ A Te

- >
B = Fa30TPaHCNOpPTHbIE
= ———_____peakumBobbeme

amnynbl

Pucynok 21. Cxemarnueckoe n300pakeHHe XUMUYECKOTO TPAHCIIOpTa B 3aMasHHON aMITyJie.

[lepenoc BemiecTBa MpU XMMHUYECKOM TPAHCIIOPTE MOXET OBITH HAINpaBieH Kak oT Ooiee
BBICOKOM Temreparypsl k 0ojiee HU3KoH, Tak U Haobopot (MBanos-1un, Mypus, 2000). [[Buxkenue
XUMHYECKOTO TPAHCIOpTa OMNPENENAEeTCs 3HAKOM JSHTAIbIMM peakuuu. Ecim peakuus uaer c
norjiouieHuem rermia (ArH>0), To XuMHUeCKuii TPAaHCTIOPT OCYILLECTBIISIETCS B HAIIPABIIEHUH OT OoJiee
BBICOKOH Temreparypbl K O0ojee Hu3kou. Ecnu ke mpu peakmuu Bwiaessercs terio (ArH<0), to
MaccoIepeHoc MpoucxoauT B obOparHoMm HampaeneHuu (Illedep, 1964; Kamnuc, 1977; Kosnona,
1980).

st OONBIIMHCTBA KPUCTAJUIMUECKUX CTPYKTYp SKCralIMOHHBIX MuHepanoB menu (1)
XapakTepHo Hammure kommiexcos [OCua]® (Krivovichev, Filatov, 1999; Pekov et al., 2018a; 2018b).
OTa 0COOEHHOCTH MO3BOJMIIA MPEIIOJIOKUTh, YTO B MPUPOIHBIX YCIOBUAX MEXAHHU3M TpaHCIOPTa
OCYIIECTBIAETCSA BYIKAHUYECKUMM Ia3aMH C y4acTHEM OKCOLEHTPUPOBAHHBIX TeTpadipos [OCu4]®*
(Bepracosa, ®umnaros, 2012; Krivovichev et al., 2013). Toraa kak B 1a00paTOPHBIX YCIOBHSIX
TPAHCHOPTUPYIOUIMM areéHTOM B CHHTE3aX, BBIIOJHEHHBIX B JJaHHOW paboTe, BBICTYMAET XJIOPUJ

mean CuCly, KOTOpBI MPU HarpeBaHUU J10 HECKOJBKUX COTEH TPAJyCOB COJAEPXKHUT JIETydue
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komruiekcsl CuCl, CusCls, CusCls u Clo (Schmidt et al., 2013; Siidra et al., 2020). Ha ceroansiHuii
JAC€Hb, MCTOA XHUMHNYCCKHUX F%OTpaHCHOpTHBIX peaKL[I/If/’I CTaJl BaAXXHBIM H yHI/IBepCEUIBHBIM

npenapaTuBHbLIM METOJJOM XUMUU TBEPAOTO TCIIA.
Boicokomemnepamypnutit memoo meepoogaznvix peakuyui

Ha HeoO6xoauMocTh paccMOTpEHHs METO/1a TBEPLO(a3HbIX peaKLUil B TOMOJIHEHHE K METOLY
XMMHUYECKHUX ra30TPAHCIOPTHBIX PEaKIMil yKa3bIBaeT M30bITOYHOE KOJIMYECTBO IPOPEArUPOBABLIETO
BEIIECTBA B 30HE 3aKJAJKH, KOTOPOE OTBEYAECT OTIIMYHOMY OT 30HBI KPUCTAJUIM3aLUHU (pazoBoMy
cocraBy. Ha ocHoBe psaa HaOMIOJEHMI, OTMEYEHHBIX B XOJE 3KCIEPUMEHTAJIbHBIX CHHTE30B,
HpEeNoiaraeTcsi, 4ro 00pa30BaBIIMECS COCAMHEHHUS B 30HE KPHUCTAUIM3aLMK Haubosee TOUYHO
OTPaKaIOT PE3yNbTaT XMMUUYECKUX I'a30TPAHCIOPTHBIX PEeaKLUH, TOr1a Kak KOHEUHbIe (a3bl B 30HE
3aKJIQJKH SBIISTIOTCS CIEICTBHEM TBEPA0(a3HBIX peakInii.

B ocHoBe nporueccoB TBep10pa3HOro CUHTE3a JIEKAT XUMUYECKUE PEAKIIMH, B KOTOPBIX OJIUH
U3 YyYacCTBYIOUIMX PEAareHTOB HAXOJUTCS B COCTOSHMM TBepaoro BemiecTtBa. [lonoOHble peakuun
IOPUHATO KJIACCU(PHUIMPOBATh KaK IeTeporeHHble uiau TBepAodasHble. TBeprodasHble peakuuu
KPUCTAJJIMYECKHUX BELIECTB XapaKTEPU3YIOTCs OITPAaHUUYEHHOMN MOJBUKHOCTHIO aTOMOB MJIM MOHOB U
CJI0KHOM 3aBUCUMOCTBIO OT PEAKIIMOHHON CIIOCOOHOCTH pearupyroliruX TBEPAbIX BEIIECTB, IPUPOIbI
U KOHLIEHTpalMU Ae(heKTOB, COCTOSIHUS MOBEPXHOCTH U MOP(HOJIOTHH PEAKIIMOHHOMN 30HBI, TUIOMIAAN
KOHTAaKTa B3aMMOJICHCTBYIOIIMX peareHToB M psaa Apyrux ¢akropoB. Bce ormeueHHoe
00yCIIOBIMBAET CIIOKHOCTh MEXaHU3MOB reteporeHHbix peakuuil (Tperbsixos, 1978; Merrifield,
1986; Ben Smida et al., 2020; Aykol et al., 2021).

TBepaodasHelii cuHTE3 XapakTepusyercs 0ojee HU3KOH CKOpocThio AU(p(dyY3UH B TBEPABIX
TeNax, 9TO MPENATCTBYET PABHOMEPHOMY PaCIpPEIEICHUI0 KOHIIEHTPAllud KOMIIOHEHTOB B CUCTEME
U, KaK CJIEJICTBUE, BBI3BIBAET MPOCTPAHCTBEHHYIO JIOKAIM3AIUIO MPOTEKAIOIIUX MPOIECCOB. JTO
IPUBOJIUT K TOMY, YTO B HaAOJI0/IaeMyI0 KMHETUKY IPOILECCOB BHOCHUT BKJaJ YAeNbHas CKOPOCTh
nporecca (wim kodpdutment auddy3un), a Takke FTEOMETPUUIECKUE XapaKTEPUCTUKH PEAKITMOHHON
30Hbl. Hapsny ¢ stum, oOpa3oBaHue 3apojbliia HOBOM (pa3bl B TBEpAOH MaTpHlle BBI3HIBAET
NOSIBJICHWE B IOCIEAHEHW YNPYTrUX HANPSOHKEHWHM, JHEPrusi KOTOPBIX B pAAE CIydyacB JOJDKHA
YUUTBIBAThCS IPU PAaCCMOTPEHUHU TEPMOJIMHAMUKY 3TUX NpeBpauienuit (Tperbakos, 1978).

[Tpu TBepaoda3zHOM HpeBpalleHuH, KaK U MpHU J0O0OM IPYyroM XMMHUYECKOM IMpeBpallleHuH,
YCIOBUEM TEPMOAMHAMMUYECKOTO PAaBHOBECHUS SBJISIETCS PAaBEHCTBO XMMHUYECKHMX ITOTEHIIMAJIOB
KOMIIOHEHTOB B UCXO/IHBIX BELIECTBAX U IPOAYKTAX peakunuu. PaBEeHCTBO XMMUYECKMX IIOTEHIIUAJIOB
B TBEpAO(A3HBIX pEAKLUUAX OCYIIECTBIAETCS HECKOIBKUMM IyTsAMHU: 1) mepepacrnpenereHue
KOMITOHEHTOB B UCXOJIHBIX (hazax ¢ 00pa30BaHHEM TBEPJIBIX PACTBOPOB; 2) 00pa3oBaHKe HOBBIX (a3

C IpYroi KpUCTAIMYECKON CTPYKTYpoil (cama TBepaodaszHas peakuus). [Ipu 3ToM B CBsI3U ¢ TeM,
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YTO KOJMYECTBO KaXIOW (ha3bl HE BIUSAET HAa XUMHYECKHM MOTEHIMall KOMIIOHEHTa B (a3zax
MHOTO(a3HON CHUCTEMBI, PABHOBECHE YCTAHABIMBACTCS TOJIBKO IIPH IIOJIHOM TIPEBpAIlCHUN
ucxonusix ¢as (Bect, 1988).

[TockonpKy HEpeHOC Macchl BEUIECTBA BBIMONHSETCS C MOMOIIb0 auddys3un, a creneHb
nedeKTHOCTH CTPYKTYphl TBEpPAOro BellecTBa BiMAET Ha IU((PY3HMOHHYIO MOJBUKHOCTH €ro
KOMIIOHCHTOB, TPEANOJaracTcsl 3HAYUTEIbHBIA BKIAJ Je()EKTOB B MEXaHH3M H KHHETHUKY
TBepAo(ha3HbIX peakiuii. Bce mepeunciieHHoe MPUBOAUT K TOMY, YTO TPEJEIIbI CKOPOCTH PeaKIIHid
OyIyT ompenensaThcs KaKk XUMUYECKOU, Tak u Auddy3nonHoi kunetukou (Tperwsikos, 1978; Becr,
1988; Merrifield, 1986).

Hecmotpst Ha TO, uTO MeTox TBepAO(DA3HBIX PEaKIUil XapaKTepu3yercs crenuGuuecKuMu
0COOEHHOCTSIMU, TAKUMH KaK 3HAYMUTEIbHAs POJIb CIIOCOOOB MOJYUYECHUSI U MOATOTOBKH PEAKTHBOB,
BIIUSTHUE CTPYKTYPHBIX J1e(heKTOB, IPOCTPAHCTBEHHBIX XapaKTEPUCTUK PEAKIIMOHHON 30HbI, a TAKKE
pPa3IMYHBIX MEXaHU3MOB MacCONEPEHOCa, ITOT METO/l CUHTE3a UMEET ONpPE/IEeIECHHbIE TOCTOMHCTBA
nepea  OCTalbHBIMM MeTonamu. K 3TUM mpeuMymniecTBaM MOXHO MPUYUCITUTH ITPOCTOTY
OCYIIECTBIICHUS METO/1a, OCYIIECTBICHUE PEAKITHIT 0€3 pacTBOPHUTENICH, MacIITad BBIX0/1a KOHEYHOTO

MPOIYKTa U TIp.

2.2 MeToabl HCCae10BAHUA

B nanHO# riaBe mpencTaBiIeHbl OMUCAHUS UCIIONB3YEMBIX B pab0Te METOJIOB MCCIIEIOBAHUS
BEIIECTBa, MPHUBEACHBI YCIIOBUS BBIMOJTHEHHUS W3MEPEHUN Ha HCCIENyeMbIX 00pasliax, a TaKxke
OTMEYAIOTCSI 0COOEHHOCTH MPOOOIIOATOTOBKH JJIsl TOTO WIJIM MHOTO MccleAoBanus. [l kaxaoro u3
M3y4aeMbIX HOBBIX MHUHEPAIONOAO0HBIX COCAMHEHUH, KpUcTAIorpaduuecKne JaHHbIE YTOUHEHUS
WX KPUCTALTUHYECKUX CTPYKTYp, @ TAKKE pacyeThl OanaHca BAJICHTHBIX YCUJIMN TPE/ICTABICHBI B

npunoxenusix 3.4, 4.2.3-4.2.8, 4.3.3-4.3.5,4.4.3-4.4.5,45.3-4.5.5, 4.6.3-4.6.5.

2.2.1 PeHTreHOCTPYKTYPHbIii MOHOKPHCTAJBHBIN aHAIN3

Kak ofH 13 OCHOBHBIX METOJIOB HCCIIEIOBAHNS, HAIIPABICHHBIX Ha OIPE/ICIICHUE  yTOUHEHHE
KPUCTANIMYECKUX CTPYKTYp HCCIEAYEMBIX COEJUHEHUH, B JaHHOW paboTe ObLI HCIHOJIb30BAaH
MOHOKPUCTAJIbHBIA PEHTT€HOCTPYKTYPHBIN aHanu3. i OCyIecTBIEHUS PEACTaBICHHOTO0 METO/1a
UCCIICIOBAaHUST HEOOXOAMMO TPENBAPUTENBHO IMOATOTOBHTH TPOOy B BHIE MOHOKpPHCTAJIA
uccieayeMoit (hasbl, KOTOPBIA OTOMpAeTCs MMOJT YBEIMICHHEM OMHOKYIsIpa. Pasmep MOHOKpHCTAIIIOB
U3y4aeMbIX B JaHHOH paboTe coenuHeHuit Haxomutcs B mpenenax 10-100 pm. /Ing nmomydenus
MacCHBOB 3KCIIEPUMEHTAIBHBIX JAHHBIX OBLIM MCIOJIb30BaHBl MOHOKPUCTAJIbHBIE TU(PPAKTOMETPHI
PIT CIIOI'Y «Pentrenomudpaknuonasie MeToasl uccienoBanus»: «Kappa APEX DUO» (Mo Ka
n3nyaenne npu 50 kB u 0.6 mA), « SMART APEX II» (Mo Ka u3nydenue mpu 50 kB u 40 MA)
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MPOU3BOJCTBA KomMnanuu Bruker, ocHaleHHBIX ETEKTOpPaMU OTPAKEHHBIX PEHTT€HOBCKUX JIyuen
APEX II tunia CCD (Charge-Coupled Device), a Taxxe XtalLAB Synergy (Mo Ko usyuenue npu 50
kB u 1.0 MA) ot kopropanuu Rigaku, o6opynoBanHbIi neTekTopoM mpsMoro aeiictust HyPix-
6000HE. Momnokpucranpueiii nudpaktromerp XtaLAB Synergy o0opymoBan cucTemMoi
cTabmIM3aly TeMIepaTypsl oopasna norokoMm raza «Hot Air Gas Blowers». B kadecTBe ra3oBoi
CpeJlbl MOKET UCII0JIb30BAThCS KaK BO3JIyX U 30T, TAK U MHEPTHBIE Ta3bl. TeMnepaTypHblil Auana3oHn
or 100 mo 1000 °C, touHocTh mopanaep:kanus Temneparypbl +1°C. MakcuManbHas CKOpPOCTb
n3meHenus remneparypsl 10°C/mMun go 400°C, u 5°C/mMun B auanazone ot 400°C go 1000°C. Oto
MO3BOJIIET C TOMOIIBI0 MOHOKPHUCTAIBHOTO PEHTICHOCTPYKTYPHOTO aHall3a NpPU TMOBBIIICHUN
TEMIIepaTypbl UCCIEN0BaTh TEPMUIECKOE TIOBeACHHE (a3 HAa KOHKpPEeTHOM KpucTtayuie. C MOMOIIBI0
JAHHOTO  BBICOKOTEXHOJIOTMYHOTO MpHOOpa OBLIO  BBIOJHEHO HCCICIOBAHUE TEIIOBOTO
pacupenuss HoBoro BaHaaui-apceHata meau Cu(VO)2(AsOs), Ha MOHOKpHCTAIUIE, MMapaMeTPhI
koroporo 0.1x0.08x0.03 mm. MuTepBan temneparyp uccienoBanus cocrasui ot 300 mo 825 K ¢
marom 25 K. TemmepaTypHblii KOHTpOJb KpHUCTala B KaXKJIOM SKCIIEPUMEHTAJIIbHON TOUKe
ocyllecTBIsICS B TeueHue 15 munyT B quana3zone temneparyp 300-500 K u B reuenne 10 munyT B
nuamnasone 500-825 K.

Jis  kaxaoro MmaccuBa JaHHBIX Obulo  coOpaHo Oojee mosycepsl TpexMEepHBIX
T PaKIUOHHBIX TaHHBIX ¢ IUpHUHOH Kapa 0.50° mo o u skcniozunueit B 10-80 cexyHa A5 Kask10ro
KaJgpa B 3aBUCHMOCTH OT pa3Mepa KpUCTajla. 3aTeM JKCHEPUMEHTalbHbIE MACCHUBBI JIAHHBIX
MHTETPUPOBAINCH U KOPPEKTUPOBAIKCH C MOIIPABKAMU Ha MOIJIOUICHUE C UCIIOJIB30BAHUEM MOJEIN
C HECKOJIKUMH CKaHUpoBaHusmMu npu momomm mporpamMm APEX3 wu  CrysAlisPro.
Kpucrannnueckue cTpyKTypbl U3y4aeMbIX B padoTe COEUHEHUH OblIN paciu@poBaHbl MPSMbIMU
METOJJaMH U YTOUYHEHbI ¢ nomoulsio nporpammsl SHELXL, BHeqpeHHO! B MakeT MporpaMMHOIO

obecrieuenus WinGX (Sheldrick, 2015).

2.2.2 AHaIU3 XMMHYECKOIr0 COCTABA COeIMHEHUM

Jl1s ycTaHOBIIEHUS XUMUYECKOTO COCTaBa UCCIIEYeMbIX COETUHEHUI ObUIM MCIOIb30BaHbI 2
croco0a NPUTOTOBIEHHUS MPOO B 3aBUCUMOCTH OT 3a/a4, IIOCTABJICHHBIX MEpea aHaIU30M
(KaueCTBEHHBI W KOJMYECTBEHHbIM aHamu3bl). [l KauyeCTBEHHOT0 XHMMYECKOIO aHaju3a
KPUCTAJIJIBI UCClIeyeMbIX (a3 MOMELAINCh Ha JIBYCTOPOHHUN MPOBOASIIIUN CKOTY (YIIEpOAHbIN).
KauecTBeHHBIN aHaAM3 cOCTaBa MCCIEAYEMBIX COEAMHEHHM BBIMOJHSICS C HCHOJIb30BaHUEM
HACTOJBHOTO CKAHUPYIOLIETO AJIEKTpOHHOro Mukpockona Hitachi TM3000 (yckopsromiee
HanpspkeHue SkB, 15kB), ocHameHHOro npucTaBKOW HHEProAMCIEPCHOHHOIO MHKpOaHaln3a
OXFORD (PII CIIoI'Y «Mukpockonus W MHUKpoaHaiau3»). MHKpOCKom 000pyIoBaH

YETHIPEXCEIMEHTHBIM TBEPAOTENBHBIM JETEKTOPOM OOpaTHOpaccesHbIX 3JIeKTpoHOB. Pabota
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JAHHOTO MHUKPOCKOIIA B PEKMME HU3KOT0 BaKyyma MO3BOJISIET HCCIIEA0BATh HEMPOBOIAIINE 00pasIibl
0e3 rmpeBapUTEIbHOTO HAaNbUICHUs (pabouune peskuMbl: 00bruHbIN 1 ~ 15 I1a, HM3KOTO Bakyyma 30 ~
50 ITa). I'paduueckue CreKTpsl U aHATHTHYECKUE IaHHBIC OBUIM OO0pa0OTaHBl W TMOJTYYCHBI C
IIOMOIIBI0 BCTPOEHHOTO ITporpaMMHoOro obecneuenus Hitachi.

JIJ1sl KOIMYEeCTBEHHOT'O0 XUMUYECKOT0 aHallM3a U3rOTaBIMBAIICA aHIUIM(] B BHUJIE IAiObI, Kyaa
npeBapuTeNbHO  ObUTM  TOMEIIEHBl  KPUCTAUIBI  MCClenyeMblXx (a3 B ompeneneHHOM
3aJOKyMEHTHPOBAHHOM TOPsIIKE. 3aTeM BbIJIEJIEHHAs 00J1aCTh C KPUCTAJUIAMHU U BECh 00beM (pOpMBI
JUISL U3TOTOBJICHUS aHUUIM(a 3aMOJHAIUCH SMOKCUAHON cMmoioi. [locie 3acTeiBaHMs MOCIETHEH,
roroBas maiiba ¢ KpucTrauiaMd moiupoBanack. OrmnpeneneHUe KOJIUYECTBEHHOIO XUMHUYECKOTO
aHaJM3a MPOU3BOIUIOCH i 00pasinoB ¢oapbopruta CusV207(OH)2:2H20 u cuHTeTHYECKHX
anajioroB aneyruta Cus02(VOa)2'(KCl)os, aBepneButa CusO2(VOa)2'(CuCl) u sporiesckura
CugO2(V0O4)4Cly. [lns momydeHus: JaHHBIX UCIIOIB30BAJICS CKAHUPYIOIIUI AIEKTPOHHBIA MUKPOCKOIT
Hitachi S-3400N ¢ ananutnyeckumu nprcraskamu EDX, WDX u EBSD, ocHallieHHBIH A€ TeKTOpaMu
BropuuHbiXx (SE) u oOpartHopaccesuubix (BSE) nsnexktpono (PL[ CIIOI'Y «I'eomozmenby).
HenocpencrBeHHo mepen MPOBEACHHWEM KOJIMYECTBEHHOTO XMMHUYECKOTO aHali3a MOBEPXHOCTH
maifd ¢ wucciueayeMbpIMH 00pa3llaMd HalbULUIaCh TOHKAM CJIOEM MPOBOJSIIEr0 MaTepualia
(yriepoja) Ha COMyTCTBYIOIIEH 3JEKTPOHHOMY MHKPOCKOINY YCTaHOBKe sl HanbuieHus Leica EM
SCD050. Ouepro-aucnepcuonnblii  ananmuz  (D/1C) ocymecTBisiics € UCHOJIb30BAHHUEM
cnektpomerpa Oxford Instruments X-Max 20 (paboune nmapamerps! chemku 20 kB nipu 2.0 HA, 30
cekyHq Ha crnekTp). [ns BomHoBoro ananuza (BZC) ucnonb3oBancs cnexkrpometp Inca Wave 500
System ¢ aucnepcueit mo aaMHE BOJIHBI (paboune nmapamerpbl cbeMkH 20 kB npu 4 HA, 60 cexyHq
Ha Kax 1l a11eMeHT). D/1C Obl MCTIONb30BaH I KaXKA0T0 aHalu3a, Torjna kak BJIC ucnonb3oBancs
TOJIBKO B ciiydae (onpOopTHTa Mpu ogHOBpeMeHHOM npucytcTBru Cu, Zn u Ni B onmHOM 00pasiie.
Hcnonp3oBannch Kak cPOKYCUPOBAaHHBIN, TaK U pacOKYCUPOBAaHHBIN MydkH (pa3mep mydka oT 1 1o
10 um). Jns mosyyeHHs! JAHHBIX XMMHYECKOT'O aHaIM3a UCIOJIb30BAINCH CIEIYIOIUE CTaHIapThI:
Cu (CuKa), V (VKa), NaCl (ClIKa), KCI (KKa) mast aHainM30B CHHTETHUYECKHMX OKCOBaHAJIaT-
XJIOpUI0B Menu, a Take Zn (ZnKa), Ni (NiKa) mist onpeneneHust KOJTMUECTBEHHOTO XUMHUECKOTO
ananmza ponpooptuta CuzV207(OH)2-2H20 u3 mecropoxnenus Trosi-MyroH. O0paboTka CIieKTpoB
MIPOM3BOJIMIIACH ABTOMAaTHYECKH C MOMOIIBI0 TporpamMmmuoro obecreuenuss AzTecEnergy (Oxford

Instruments).

2.2.3 TlopomkoBasi peHTreHOBCKas Tu(paKkuus

[Topo1iKkoBbIE pEHTTeHOTpaMMbl COEAMHEHN ObUTH TIOTyYEHbI IIPU KOMHATHOM TeMIlepaType B
nuarazone 20 ot 8 go 80° ¢ mmpuHoU mara ckanupoBanus 0.02 ° u ckopocThio ckanupoBanus 0.5

CeKyHJ/° ¢ ucnoin3oBanuem audpakromerpos Rigaku «MiniFlex II» (Cu Ka u Co Ka) (PL] CIIOI'Y
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«PentrenonuppakinoOHHbBIE METOJbI HCCIENOBaHUN»). [l yTOYHEHHsS CTPYKTYPHBIX JaHHBIX
meronoM Putsenbia (Rietveld et al., 1969) ucnons3oBanucek qudpakromerpsl Bruker «D2 Phaser»
(Cu Ka u Co Ka), Rigaku «Ultima IV» (Co Ka) (PI] CIIOI'Y «PenTreHoandpakimoHHbIE METOBI
uccienoBanus»). s o6pa3oB ¢ MajbIM COAECpKaHUEM BEIIECTBAa B BUIE OTIEJIbHBIX KPUCTAIUIOB
(20-30  MOHOKpHCTAIJIOB), MOPOIIKOBAs PEHTICHOBCKAas JU(paKius OCYIIECTRISIACH €
ucnoip3oBanueM audpaxkromerpa Rigaku R-Axis Rapid II (CoKa) ¢ nunmmaapudeckum image plate
JIeTeKTopoM. Macca KpUCTayiIoB ¢(pOPMHUPOBBIBAIIN B SMTOKCUIHBIN 1ap ¢ R ~ 0.5 MM, u momemanu
HAa KOHYUK CTCKJSIHHOW HUTHU. [lonydeHHble SKCIepUMEHTalbHbIE IaHHBIE 00padaThIBAIMCH C
HCITOJIB30BaHKEM IporpaMMHoro oodecrneuenus osc2xrd (bputsun u mp., 2017).

YTOYHEHHE TMOPOIIKOBBIX JAHHBIX METOJOM PHUTBENbJa BBHIMONHSIOCH C HCIIOJIB30BaHUEM
CTPYKTYPHBIX MOJEJCH 10 MOHOKPHUCTAILHBIM JaHHBIM B mporpammax JANA2006 (Petricek et al.,
2014) u Rietveld-to-Tensor (RTT) (by6HoBa u np., 2018). @on Obu1 TOJO00paH € KCIOIH30BAHUEM
nonuHoMHuanbHON (pyHKIMU YeObImeBa, a opMbl MUKOB onuchiBanuch (Gynkiueit [IceBno-Boiita.
PesynpTathl  aHalM3a COOTBETCTBHUS CTPYKTYPHBIX JIAHHBIX C JIAHHBIMH  TIOPOLITKOBOM
peHTTeHOrpaduu HCCIEAYEMBIX 00pa3IoB, MOJYYCHHBIE METOAOM IOPOIIKOBOH PEHTTEHOBCKOM

nudpakIum, MpeaCcTaBIeHbl B IPHIOKeHUIX 3.5, 4.4.6, 4.5.6, 4.6.7.

2.2.4 BbIcokoTeMNepaTypHasi peHTIreHOBcKas Tudpakuus

TepMopeHTreHorpadguuecKkue HCCIEOBaHUs H3yYaeMbIX COEIMHEHUH OCYIECTBISUIOCH C
ucnosnb3oBanueM auppakromerpa Rigaku Ultima IV (usnyuenme CoKo, A = 1.7889 A),
OCHAIIIEHHOTO BBICOKOTeMIeparypHoi mpuctaBkoit «SHT-1500» (PL[ CIIOI'Y «PAMW»). Hdns
MOJrOTOBKU P00 HEOOX0 MO, UTOOBI 00paslibl HccielyeMbIX (a3 MpeaBapUTEIbHO paCTUPAIKCh B
CTYNIKE, a 3aTeM OCaXJaJUCh U3 TIEKCaHOBOW CYCIEH3MM Ha MaTepuan NOIoKKU. Jlis
BbICOKOTEMIEpaTypHoil npuctaBku «SHT-1500» MarepuanoM MOAJIOAKH BBICTYNAET IJIATHHOBAs
IUTACTHHKA, MUK KOTOPOM MOTYT OBbITh B pa3HON CTENEHH MHTEHCHBHOCTU WIEHTH()HUIMPOBAHBI B
MOJYYEHHBIX TEPMOpPEHTreHorpaMmax HcciaeayeMbix coeauuenuit (Schroeder et al., 1972).
TepmopenTreHorpadguyueckue McCIeAOBaHUS MPOBOAWINCH, Ha Bo3ayxe. Jns ¢onsbopruTa B
untepBasie 30 — 400 °C mar no temneparype coctasisii 10 °C, ckopocts HarpeBa 2 °C/MuH, a B
untepBasie 400 — 780 °C Obwn BbIOpan mar no temmneparype 20 °C, a cKOpOCTb HarpeBa Mexay
TEeMITIEpaTypHBIMU TOYKaMHu cocTaBuia 5 °C/muH. Pedekchl perucTpupoBaIiiCh B AUANa30HE yIJIOB
26010 —75°. lns cuntetnyeckux aBepbeBuTa CusO2(V04)2:(CuCl) u spormeBckura CugO2(V04)4Cl2
B unTepBaie 25 — 400 °C mar o Temmneparype cocrasisi 20 °C, ckopocts HarpeBa 2 °C/MuH, a B
untepBasie 400 — 800 °C Obw1 BbIOpan mar no temmeparype 10 °C, a cKOpOCTb HarpeBa MeXay
TeMITepaTypHbIMU ToUKaMmu cocTaBmia 4 °C/muH. [TlapaMeTphl aieMEeHTapHBIX STYEEK YTOUHSITUCH IS

MIOPOIIKOBBIX PEHTIEHOTPAaMM IPH Kax10# Temrieparype MmetogoM Putsensaa (Rietveld et al., 1969)
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C UCTIOJB30BaHueM mporpammuoro odecrnedenus Rietveld-to-Tensor (RTT) (byonosa u ap., 2018).
Taxoke ¢ npumenenueM RTT 6butn paccuntanbl K03()(HUIUEHTH TEH30POB TEIUIOBOTO PACHIMPEHHUS,
BBIYUCIICHBl OPHEHTUPOBKUA OCEH TEH30pPOB OTHOCUTEIBHO KpHUCTAIOrpauyeckux oceil u

MIOCTPOCHBI IJIaBHBIC CCUCHHUS TOBEPXHOCTEH TCH30POB.
2.25 JTA-TT' A ananu3

Huddepennnansuo-ckanupytomas kagopumerpus (JJCK) u repmorpaBumerprueckuii ananms
(TT'A) BBIIONHSAIUCH C MCIOIB30BAHUEM MPUOOpPa CHHXPOHHOTO TepMudeckoro ananuza DSC/TG
NETZSCH STA 429 CD (MXC PAH) npu HarpeBaHuU B OTKPBITOM aTyHJOBOM THUTJIE B UHTEpBaJe
temriepatyp ot 40 10 815 °C u oxnaxaenuu ot 815 10 320 °C co ckOpOCTAMH HAarpeBa U OXJIaXACHUS
10 °C/mun, B moroke Bo3mayxa S50 mu/mMuH. JI7s BBINOJTHEHHS KOMILICKCHOTO TEpPMOAHAIHM3a
MOPOIIIKOBAs MTpoda ucciaeayeMoro odpasia npeIBapuTelIbHO MOATOTABINBAIACh B (PopMe TaOJIeTKH
C HCIIOJIb30BAaHMEM IIpecc-yCcTaHOBKHU (IaBieHue 1 kr/mMm2). Macca BemiecTBa, HeoOXoauMas s
MPOBEJCHUS JAaHHOTO aHalu3a M TOJY4YeHHsS JOCTOBEPHBIX PE3YNIbTaTOB MPEoOpa3oBaHUS BCETO
o0BemMa TIpoOBI TIPH BRICOKUX TeMIleparypa, cocrapisieT ~ 20-30 mr. [Tapamerpsl TabeTHPOBAHHBIX
[IPENapaToB COOTBETCTBYIOT CJIEAYIOIIMM 3HAYEHUSAM: AUaMeTp ~ 5 MM u BbicoTa 0.7-0.8 mm. [lanee
MocJie KOHEYHOTO B3BeHIMBaHMs (TOYHOCTh = 10 MKT) rotoBas TableTka 3arpykagach B THUTEIb,
Moclie 4ero ero yCTaHaBIMBAJIM Ha JepaTene mpubdopa. ['a3o00pasHbie MPOAYKTHI pa3loKeHUS

UACHTU(PUIMPOBAINCH Ha KBAAPYyNoiabHOM Macc-ciektpomerpe QMS 403 C NETZSCH.

2.2.6 HNudpakpacHas u PamaHoBcKasi ClIEKTPOCKONMA

WNndpakpacusie (MK) crexkTpbl NOTUKPUCTAIIMYECKHX OO0pa3lOB PErucCTPUPOBAINUCH C
nomouipto UK-®ypee cnexkrpomerpa Bruker ALPHA FTIR (UucTuTYyT mpo0OsieM XuMUYeCKOn
¢busuku, YepHoronoska), a Takxke Bruker Vertex 70 FTIR (PL] CIIOI'Y «PIMW») B nuama3zone
BOJIHOBBIX uucen 4000 — 400 cM * ¢ paspemenuem 4 cM * u 32 wiu 16 ckanupoBanusmMu. B kauecTse
stasoHa Obl1 ucnonb3oBaH MK-cnektp anamoruunoi mpoOsl yrcroro KBr. [lns nmomydyenuns MK
CIIeKTpa TOTJIOMIEHUS oO0pasnbl wHcciaeayeMbix (¢a3, wmaccoi 10-20 wmr, mnpeaBapuUTEeIbHO
CMEIINBAJIUCh C YHCTHIM BBICYIIEHHBIM I'paHyaupoBaHHbIM KBr, 3aTeM npeccoBainch B TaOIETKY.
[To TakoMYy k€ MPUHIIMITY U3rOTaBIMBAJIACh 3TATOHHAS Ta0JlIeTKa, coeprKalias ToJbKo yicThiii KBr.
[Tony4yennble KojebaTeNbHbIE CIIEKTPHI OBUTM 00paObOTaHbI C TOMOILBIO BCTPOEHHOTO MPOTrPAMMHOTO
obecmieuenust Opus.

PamanoBCKHe cIieKTpbl ucciaeayeMbix ¢a3 ObuTH moJydeHbl Ha criekTpoMerpe Horiba Jobin-
Yvon LabRam HR800 (PI] CIIGI'Y «Ieomomenby), ocHameHHoM Ar'-nmaszepom (A = 514 HM) c
BBIXOJHON MOIIHOCTBIO 50 MBT 1 MomHOCTBIO ~6 MBT Ha moBepxHOCTH 00pa3Iia miomanbo 2 pmx2

pum. CrnexkTpbl KOMOWHAIMOHHOTO pacCestHHUs 3alUChIBAINCH IpPU KOMHATHON TeMIeparype co
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CIIy4allHO OPUEHTUPOBAHHBIX KPUCTAIUIMYECKHUX arperaToB, IOMEIIEHHBIX HA PEIMETHOE CTEKIIO, U
nanee oOpabaThIBAINCh C MOMOIIBIO MporpaMMHbIX obOecrmeueHuit LabSpec (Horiba) u Origin
(Originlabcorp).
[Tonyuennsie UK 1 PamaHOBCKHE CHIEKTPBI M COOTBETCTBYIOIIME MOJOCHI CONOCTABIISUIUCH C
M3BECTHBIMH JIUTEPATYPHBIMU JIaHHBIMH, a TaKXKe KapTOYKaMU COEAMHEHUU M3 OTKPBITOM 0a3bl
naaabix RRUFF o cnekrpockoniu KOMOMHAIIMOHHOTO PACCEsiHUs, PEHTTEHOBCKON JU(paKkiuu U

XUMHYECKHX JaHHBIX MuHepanoB (rruff.info).

2.2.7 W3mepeHHe MATHUTHBIX CBOWCTB

MarautHas BOCIPUUMYMBOCTb, HAaMarHUYEHHOCTb, a TaKXKe€ YJAelbHas TEIJIOEMKOCTh
UCCIIEIyEMbIX 00BEKTOB U3MEPSUIUCh Ha HEOOJIBIIOM KOJIMYECTBE MOJUKPUCTAIIIMUECKOro 00pasua
(maccoit or 10 mo 30 mr) B nuana3zoHe temmeparyp ot 1.8 mo 400 K c¢ ucnompzoBanuem
CBEpXIIpoBOJsIIero  kBaHToBoro wmarHutomerpa SQUID (PL[ CIIOI'Y  «/luarnHoctuka
(GYHKIMOHATIBHBIX ~MaTE€pHajoB ISl MEAWLUHBL, (PAPMAKOJIOTHH ¥  HAHOAMJIEKTPOHHUKN)
npowusBozacTBa Quantum Design, a takxe maraeromerpa MPMS 3 ot Quantum Design (JlaGopartopust
WNHctuTyTa 3KCcriepuMeHTanbHoN ¢pu3uku YHuBepcutera AyrcOypra). st uaMepeHus 3aBUCUMOCTH
HaMarHMYEHHOCTH OT BHEIIHEro MOJsl ObUTM MPUMEHEHBI PEXUMBbI PErHCTPALMU CUTHANA KaK Ipu
OXJIaXKJeHUH ¢ HyJeBbIM nojieM (ZFC), Tak 1 npu oXJaxJIeHUH ¢ mosieM, oTIndHbIM oT HyJs (FC).
s BBIMONHEHMST KOMIUIEKCHBIX AaHAU30B MOJMKPUCTANIMYeCKUil oOpaszeln mnomeraics B
BBITSHYTYIO Kancyny (JuimHa ~ 15 MM, mmpuHa ~ 3 MM) B CyXOM COCTOSIHUM 0€3 HMCIOJIb30BaHUs
JIOTIOJTHUTEIIBLHBIX PAaCTBOPOB M cycrnen3uil. Karncyna 3arem norpyxanack B mpuOop, 3aKpernsieHHas
IIPU 3TOM JieprKaTesieM. MaccuB dKCIIEpUMEHTANIbHBIX JaHHbBIX, [TOJIyUEHHBIN B pe3yJIbTaTe aHaIu3a,
npeBapuTebHO 00pabaThiBajicss B mporpamMmmHoMm obOecnieueHun Origin (Originlabcorp) ans
COCTaBJICHUS MIEPBUYHBIX TPaPUKOB 3aBUCUMOCTEl MArHUTHOW BOCTIPUMMYUBOCTH OT TEMIIEPATypPhI
Y HaMarHWYEHHOCTH OT IOJIs, a 3aTe€M B crienuanu3upoBaHHbiX [1O skcriepumeHTanbHbIE MOAETN

COMOCTABIISUIACH CO CTPYKTYPHBIMH JTaHHBIMU.

2.3  PacueTbl napamMeTpoOB M XapaKTePHUCTUK
2.3.1 Pacuer 6ananca BaJeHTHOCTeI

JlokanpHBI OaJiaHC BAJCHTHBIX YCHJIHHA Sjj pacCUMThiBANach Mo JumHaM cBsizu dij
MCIIOJIb30BAaHUEM BBIPAXKCHMSL:
sij = exp[(ro - dij)/b] 3)
IJIe S —3TO BaJICHTHOCTB CBSI3HU, M3MepsieMasi B BAICHTHBIX eIMHHIAX, d —3T0 BRIOpaHHasI JUTs pacyera
JUTMHA CBsI3U, o U D — 3TO moJOOpaHHBIE KOHCTaHTHI, KOTOPHIC HA3bIBAIOTCS IapaMeTpamu

BaJICHTHOCTH CBs3H.
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Jlns pacueta OajlaHCOB BAJICHTHOCTEH HCCIEIYyEMBIX COCIMHCHHI mapamerpsbl Mo u b Obu1n
BbIOpanbl U3 pabotel Gagné, Hawthorne (2015). B cny4yae manoii 3aceeHHOCTH MO3UIUKA aTOMOB

3HA4YeHHUS Sij yYUThIBauCh Kodppurpentom S.O.F.

2.3.2 HapaMeTp HCKAKCHUA KOOPAUHAINUOHHBIX IMMOJIM3IPOB MEAH

[TapameTrp HCKaXeHHS OKTa’APOB Aoct PACCUMTHIBAJIICS COTJIACHO CIIEAYIOUIeH Qopmyre

(Wildner, 1992):

6 .
Aoct = 1/62’(_1[‘“‘““"]2 )

am
rae di = (Cu-O) mnwna cBsasu, dnm = <Cu-O> cpeanss juiMHa CBsi3W. B pacuerax mapamerpa

YUHTHIBAIKCH Bee cBsasu CU-O <3 A.

2.3.3 Pacuersl DFT (Density functional theory)

OO6MeHHbIE MATHUTHBIE B3aUMOIECTBIS Mex Ly HoHaMu CU?* B KPHCTAILIMUECKHX CTPYKTYpax
UCCIIETyeMbIX COCJMHEHUN OBUIM TOJYYEHBI C HCIOJIB30BAHWEM PACUYETOB 30HHOW CTPYKTYpPHI B
pamkax Teopuu ¢yHKIHoHana mIOTHOCTH (DFT), BBIMOMHEHHBIX B MPOrpaMMHOM OO€CIIeYeHHUH
FPLO (Opahle et al., 2000) ¢ pasHoBuaHocThio mpubmmwKeHus Perdew-Burke-Ernzerhof s
oOMeHHo-KoppersiionHoro notenimana (Perdew et al.,, 1996). Ilponenypa oToOpakeHus wu3
MOJTHBIX SHEPIHid KOJUTMHEAPHBIX CIIMHOBBIX KoHMuUTypanuii (Xiang etal., 2011) ucronbs3oBanace ajist
BBIYUCIIEHHS TapaMeTpoB Jij CIHHOBOTO raMHJIbTOHHAHA:

H = 2.ij> ]ijSiSj (5)
TJle CyMMHPOBaHHKE BEIETCS MO CBA3AM PeIeTKH <ij>, a S = % 1 oTaenbHbIX HoHoB CU?",

Dddexror koppemsiuu B Cu 3d-00004uke 00pabaThIBAIMCh HA YPOBHE CPEIHErO IMOJSA C
ucnosb3zoBanueM npoueaypbl DFT+U ¢ THIHYHBIME 3HAYEHUSIMU KYJIOHOBCKOTO OTTAJIKUBAHUS Ha
mecte Ucy = 9.5 3B u Uy = 5 3B, cBsa3u XyHna Jeu = Jv = 1 3B u nonpaBkamu Ha J1BOIHOI cueT B
atomHoM mpenene (Nath et al., 2013; 2015; Badrtdinov et al., 2019; Mukharjee et al., 2020;
Nekrasova et al., 2020). Kpome TOro, BO3MOXKHBIi CIMHOBBIA KAHTHHT ObUT MPOAHATM3UPOBAH C
MTOMOIIbIO HEKOJUIMHEAPHBIX paCY€TOB, BBIMOJIHEHHBIX B TporpaMMHOM oOecnieuennn VASP (Kresse,
Furthmiiller, 1996a, 1996b). Kon¢uryparum koysmMHeapHbIX CIHHOB ObLTH 0cIa0IeHbl, YTOOB! Y4eCTh

HaKJIOH CIIMHA.

2.3.4 KsantoBoe moaeaupoBanue Monre-Kapio

MaruutHas BOCIIPUUMYUBOCTE W HAMAromdCHHOCTL [JId CIIMHOBBIX TaMHWJIBTOHUAHOB,
KOTOPBIC ObBLIH OIMPCACIICHLI BbIINIC, PACCYUTBHIBAIIMCHL C NPUMCHCHUCM aJIrTOPUTMOB IOOp n

dirloop_sse makera moxemupoBanuss ALPS (Albuquerque et al., 2007; Todo, Kato, 2001) na
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KOHEUHBIX pPelIeTKax ¢ MEPHUOINYECKIUMH TPAaHUYHBIMH YCIIOBUSIMH BIUIOTH 710 L = 48 nmm L = 12x12

no3unmii 7151 1D u 2D reometrpuii 0OMEHHBIX MAarHUTHBIX B3aUMOJICUCTBUSI COOTBETCTBEHHO.
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I'nasa 3. Kpucrasuioxumudeckue ocodeHHoCcTH (oab00pTHTA

CusV207(OH)2:2H20 u3 mectopoxaenus Trosi-Myion
3.1  YTouyHeHHMe KPUCTANIHYECKON CTPYKTYpPHI (PpoibGopTHTA

Kpucrammueckas crpykrypa dponsooprura CuzV207(OH)2-2H20 Ha npoTsKeHUH MOCIeIHNUX
50 net u3yvanach B 1eJIOM psijie paboT, kak Ha npupoaHbIX (Leonardsen, Petersen, 1974; Basso et al.,
1988), Tak u cunteTnyeckux obpasmax (Lafontaine et al. 1990; Ishikawa et al., 2012; 2015; Hiroi et
al., 2019). IlepBas uHOpMAIH O CHMMETPUH U MapaMeTpax 3JeMEHTapHOM stueiiku (ponbpbopTrTa
OblLy1a Mosty4eHa 1o nopomkoBsiM AaHHbIM (Leonardsen, Petersen, 1974).

DOnemeHTapHas sdeiika (GoysbOopTUTa OBUTA ONMCaHa B  MOHOKIWHHOW CHHTOHHU
(mpoctpanctBenHas rpymmna C2, Cm umu C2/m) ¢ mapamerpamu: a = 10.604(2), b = 5.879(1), ¢ =
7.202(2) A, B = 94.81(2)°, V = 447.42 A% Z = 2. B 1974 r. Kamaes u Bacuibe coobmumm o
npoctparcTBeHHbIX Tpynnax C2/c mwiu Cc (Kamaes, Bacunbes, 1974). Tonbko 14 ner cmycrs, B
paboTe uTanbIHCKOW rpymmbl uccienoBateneii (Basso et al., 1988) 6bu10 cO0OIIEHO O pelIeHuH
KPUCTAIIMYECKON CTPYKTYpHI (hONb0OpTHUTA HA MPUPOAHOM OOpasiie B MPOCTPAHCTBEHHOMN TpyIIe
C2/m. Tlo3axee, MO AaHHBIM PEHTTCHOBCKON M HEUTPOHHOU MudpaKkiuy Ha MOTUKPUCTAITHISCKUX
CHHTETHYECKUX aHajorax (oip0opTHTa, OBl MpEACTaBICHA aHATOTUYHAS CTPYKTYpHAsi MOJIENb B
npoctpanctBeHHoit rpynmne C2/m (Lafontaine et al. 1990). B Gonee no3aneit pabore Kamraes u
coaBTopbl (2008) mpeacTaBUIU APYTYIO CTPYKTYPHYIO MOJETh B MPOCTPAHCTBEHHOH rpymme la c
napaMeTpaMu dleMeHTapHoi sueiiku: a = 10.646(2), b =5.867(1), ¢ = 14.432(2) A, p=95.19(1)°, V
= 897.7(5) A3, Z = 4. OrmeTnM, YTO TIPOMCXOXKIEHHE 00pasna (MHHEpand MM CHHTETHYECKOE
COCIMHEHHE) B MOCTEAHEH paboTe HE YKa3bIBACTCHI.

3a mocrienHee JecCATHIETHE ObLT BBIMOJTHEH MLENbIA PsA CTPYKTYPHBIX HCCIEIOBAaHUMN
¢donpbopTuTa Ha cuHTeTMdeckux oOpasmax (Ishikawa et al., 2012; Bayat et al., 2018). C
UCTIOJIF30BaHUEM CHHXPOTPOHHOTO U3ITyYCHHUsI OBLIH M3YYEeHBI HU3KOTEMIIEpATYPHBIE CTPYKTYpPHBIE
mMoaudukauu hoap0opTHTa B pocTpancTBeHHbIX rpymmnax 12/a (T =200 K) u P2:1/a (T =50 K), ¢
napaMeTpaMu »JIeMeHTapHbEIX fsdeek: a = 10.6237(3) A, b = 5.8468(1) A, ¢ = 14.3892(7) A, B =
95.3569(1)°, V = 889.88(6) A3, Z=4 ua =10.6489(1), b = 5.8415(1), c = 14.4100(1), p = 95.586(1)°,
V = 892.13(6) A3, Z = 4, coorerctenno (Ishikawa et al., 2015; Hiroi et al., 2019). Ctpykrypa
CHHTETHYECKOro (ompOOpTHTa, KPUCTAIUTM3YIOIIErOCsS B MPOCTPAHCTBEHHOW rpymme P2i/a,
CONCPXKHUT JIBa THIA CJIOEB Ha D3JCMCHTApHYIO sUeiiKy, B OTJIMYUE OT CTPYKTyphl 12/a, rae
UCCIIeIOBATEISIMY TIPU ONKMCaHuK BhiZeaeH oaud Tum cios (Hiroi et al., 2019). B psae pabor O6bu1a
paccMOTPEHA B3aUMOCBS3b MEXIy CTPYKTYpHbIME Moaubukamsymu doasooptuTa (Yoshida et al.,

2012a; Ishikawa et al., 2015; Hiroi et al., 2019). IIpeanonaraercs, uro nepexox ot C2/m k 12/a
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Mo (pUKAIHAM CBS3aH C IEPEX0A0M TUIIA TOPSATOK — OECIIOPAIOK C yHACTHEM MOJIEKYJI BOJbI MEXKAY
ciosiMi. ABTOpaMu paboThl 0TMEYAJIOCh, YTO YIIOPAIOYCHHUE U YITAKOBKA MOJICKYJT BOABI MOTYT OBITH
Pa3IMYHBIMU, YTO MOXKET SBJIATHCS IPUUMHON KPUCTAUIN3ALMHU B ABYX IPOCTPAHCTBEHHBIX IPyIIIax:
C2/m u C2/c. B npunoxxenunu 3.1 mpuBeneHa cBoaHas uHGOpMAIMs 10 KPUCTALIOrPapHUECCKUM
JTAHHBIM, TIOJTyYEHHBIM Ha MPUPOJHBIX U CHHTETHUECKUX 00pa3Iax.

ABTOpOM JaHHOW pa®oThl OblIa YTOYHEHA KpHCTAUIMYEcKass CTpyKTypa ¢oiapbopTuTa
Cu3V207(0OH)2:2H20 ¢ mecropoxaenus Tros-Myton (®epranckas monmna, Omickas 007acTh,
Kuprusus). Monokpucram pons00pTuTa miacTuH4aToro oomuka (70x70x20 pm), oroOpaHHbIHA 115
PEHTTEHOCTPYKTYPHOT'O aHalu3a, ObLI 3aKperyieH MPH MOMOINU SMOKCHUAHOW CMOJIBI HA TOHKOM
CTEKJISTHHOM BOJIOKHE U M3Y4€H Ha peHTreHoBckoM nudpakromerpe Bruker «Kappa APEX DUO» ¢
MHUKPO(QOKYCHOI peHTreHOBCKOM TpyoKoit Mo-IuS (A = 0.71073 A), paGoraromeii mpu 50 kB u 0.6
MA. Bsuto cobpano 6osee moxycdepsl TPeXMEPHBIX PEHTTEHOBCKUX TaHHBIX NP CKAaHUPOBAHUU TI0
o ¢ marom 0.50° u 80-cexyHnHoi skcno3unueii. CoopanHblie JaHHbIE OBLIM IPOUHTEIPUPOBAHBI U
CKOPPEKTUPOBAHbl Ha TIOMJIONIEHHE C HCIOJIb30BAHUEM MOJENU MYJIbTUCKAHUPOBAaHUSA B
nporpamMmmHoM Komiuiekce Bruker APEX.

Kpucrammyeckas cTpykTypa Oblla yTOYHEHa B INPOCTPAHCTBeHHOW rpymme C2/m, a =
10.617(3), b = 5.8842(15), ¢ = 7.2042(18) A, P = 94.559(5)°, V = 448.6(2) A3, Z =2, R1 = 0.054 nnsa
473 ne3zaBucUMBIX pediekcoB ¢ |Fo| > 40F ¢ momonisio mporpammbl SHELXL (Sheldrick, 2015).
Atom Bomopona H1 B rpymme OH™ ObI1 ycTaHOBJICH B WICATU3WPOBAHHYIO MO3UIHI0. ATOMBI
Bojopona H2 u H3 B mMonekyne Boabl ObLIM HalJIeHbl U3 PA3HOCTHBIX CHUHTE30B AJIEKTPOHHOU
wioTHOCTH. Paccrosnus Ow-H2 u Ow-H3 Ha ¢uHaNBHBIX cTanusX yTOUHEHMsI CTPYKTYpbl ObUIH
3aMKCUpOBaHbl MpH MoMolu uHCTpykumu DFIX Ha 3Hauenmax 0.9(1) A. 3a uckmouenuem
BOJIOPOJIOB, BCE aTOMblI ObUIM YTOUHEHBl aHU30TponHO. KoopaumHaTel aTroMoB, HmapaMeTpbl HX
CMELIEHUH U CyMMBI BAJICHTHBIX YCHJIMM IPUBEJEHBI B IPUII0KEHNUH 3.4. CyMMBI BAICHTHBIX YCHIINN
paccuMTaHbl C UCIOIB30BaHUEM MapamMeTpoB u3 pabotsel Gagné, Hawthorne (2015).

Kpucrannuueckass cTpykTypa (onbOOpTHTa COAEPXKHUT JIBE€ CHMMETPUYHO-HE3aBUCHMBbIE
no3urun Meau Cul u Cu2 (puc. 22). JlanHble aTOMBI MEIM pacrojaraioTcs B IIEHTPaX OKTadJIPOB,
UCKaXeHHBIX BeneacTBue dddekxra Ana-Temnepa (bepcykep, 1987; Halcrow, 2013; Iupenscon,
2014). KoopauaammonHsiM mosmdapoM Cul susiercst [2+4]-uckaxeHHblid oktadap (Burns,
Hawthorne, 1996). Ilo3unua Cul koopAWHHUpPYeTCS B 3KBAaTOPUAIBHOM IJIOCKOCTU YETHIPbMS
aromamu kucnopoga O2 ¢ anuHOM cBssu 2.172(6) A, u B anukanbHOM ABYyMS TMAPOKCHIBLHBIMH
rpymmamu OH™ ¢ ammsoit cBasu 1.938(6) A. IMosunmsa Cu2 pacronaraercs Takxke B IeHTpe [2+4]-
HCKQXEHHOTO OKTa’Apa. ATOMBI MEAM B STOW MO3UIUU OKPYXKEHBI IBYMSI THUAPOKCUIHLHBIMU
rpynmamu OH™ ¢ aunoit ceasu 1.921(4) A, neyms aromamu kuciopona O1 ¢ amusoit casizu 2.040(5)

A v nByms atomamu O2 Ha paccrosauu 2.394(6) A (Tunra u np., 2021).
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Pucynok 22. KoopauHalMOHHOE OKPYXEHHE KAaTHOHOB B KPUCTAUIMYECKOW CTPYKType
donsbopTuTa N3 Mecropoxkaenus Tros-Myron (I'mura u ap., 2021).

B cTpykType Takke npucyTcTByeT mo3unus V1, KoTopast KOOpAHHUPYETCS YEThIPhMS aTOMaMHK
Kuciopona ¢ obpasosanmeM TeTpadapoB (VOs)*. Jlnumbl u yroel cBssein V-O Haxomarcs B
XapaKTEpPHOM JHala3oHe, OOBIYHO HAOJI0IaeMOM B BaHAJATHBIX CTPyKTypax (Shannon, Calvo,
1973a). T'pynmuposku (VOs)* 00beauHAIOTCS depe3 oOMIyI0 KHCIOpOAHYyIo BepmmHy O3 ¢
o6pazoBaHreM AHOpTOBaHanaTHOro Kommiekca (V207)*, BEITAHYTOTO BOJE OCH ¢ M COEIHHSIONIETO
cinou u3 Cu-okrtarapos. [munbr cesazeit Cu-O, V-O, O-H, a Takke XapakTepucTHKa BOJOPOIHBIX
CBsi3eH B KPUCTAIUIMYECKOW CTPYKType (oiapOOpTUTA, TpeacTaBieHbl B Tabnume 9. Cucrema
BOJIOPOJIHBIX CBSI3CH CXOKa C OMMCaHHOW paHee B pabote Basso R. et al. (1988).

Tabauma 9. MexaToMHBIE pAaCCTOSHUS M XapaKTepHCTHKAa BOJOPOAHBIX cBsisel (A) B
KPHUCTAJUTHIECKOH cTpyKType (hospbopTrTa C MecTopoxaeHus Tros-Myron (I'wrra u ap., 2021).

Cul-Oy 1.938(6)x2 V1-02 1.678(6)x2
Cul- 02 2.172(6)x4 V1-01 1.746(7)
V1-03 1.7717(15)

Cu2-Oy 1.921(4)x2

Cu2-01 2.040(5)x2

Cu2-02 2.394(6)x2

Bogopoansie cesizu (D = nonop, A = akiientop)

D-H d(D-H) d(H---A) <DHA d(D---A) A <HDH
On—H1 0.9800(2) 1.6839(4) 103.076(6)  2.6459(1) Ow
Ow—H2 0.8995(2) 2.3037(4) 135.731(11) 3.0139(5) 02 131.157(17)
Ow—H3 0.8995(2) 2.5881(7) 158.607(14) 3.4413(10) 03 131.157(17)

®onpbopTUT ¢ MecTopokaeHUs Tros-MyrloH KpucTaiu3yeTcsi B MPOCTPAHCTBEHHOM TpyIme
C2/m (T'mara u np., 2021). OcCOOEHHOCTH KPHCTAJUIMYECKOW CTPYKTYPBI HAXOISTCS B XOPOIIEM
COOTBETCTBUH C paHee OMyOJNMKOBaHHBIMH JaHHBIMH B pabore Basso et al. (1988). Crpykrypa
COCTOMT M3 INNUHENENOAO0HBIX CJI0OEB C BHEIPEHHBIMH MEXJYy HHUMU JUOPTOBaHAAATHBIMU

rpymmamu (V207)*. B monocTax kapkaca pacrosararoTcs MOJIEKyIbl BOIBI (puc. 23).



Pucynok 23. Kpucramudeckast cTpyktypa ¢donpboptuta u3 Tros-MyroH B10Jbs ocu ¢ () U BIOJb
ocu b (b) (Tmrra u ap., 2021) (xpacHele — okTa’apsl CuOs, curme — Terpa’rapsl (VO1)*). B
MEKCIIOEBOM IIPOCTPAHCTBE PACIIOIATAIOTCS MOJICKYJIBI BOJIBI.

3.2  KoJuun4yecTBeHHBI XUMHYECKHIT aHAIU3 cocTaBa GoabdopTHTA

Tpu kpucramia QonpbopTHTa K3 MecTOpOXKACHUS Tros-MyIOH, IUIOCKOCTHBIE pa3Mephbl
CPOCTKOB KOTOPBIX cocTaBisin 75%20, 56x12 n 60x13 pm, ObuiM NOMEIEHBI B SIIOKCUIHYIO CMOIY
¥ OTITOJIUPOBAHBI C UCTIONB30BaHUEM MACIISTHON CyCHeH3MH. MuHepan u3yJail U aHaJTU3UpOBaIU C
MOMOIIIBIO HHEPrOAUCIEPCUOHHOW U BOJHOBOHM crexTpomerpuu. OnpeneneHue XHUMHUYECKOTrO
cocTaBa OBLIO BBIIOJHEHO JUIS OTJENIBHBIX 3epeH (oIbOOPTUTA C TOMOIIBI CKaHHUPYIOIIETO
anekTpoHHoro Mukpockoma Hitachi S-3400N. Hcnonb3oBanuch Kak C(OKYCHpOBaHHBIM, Tak U
pachokycupoBaHHbIi TTydok (pasmep mydka oT 1 g0 3 mkwm). s DJC-ananuza ucmoab30BaInuCh
cnenyromue ctanaapTsl: Cu (Cu), V (V), Zn (Zn), Ni (Ni).

[To pe3ynapTaTam CKaHUPYIOLIEH AMEKTPOHHOW MHKPOCKOMUU OBbLTH TosydeHbl 10 crekTpoB
CyMMapHO 10 pa3HbIM y4acTkaM 3epeH (ponapbopruta. Kpuctamnsl hons00pTHTa XapaKTepU3yrOTCs
BBICOKUMH cojiepkanusivu Cu, V u O; B Ka4ecTBe 3JIEMEHTOB ¢ HU3KAM COJICP)KaHUEM ONPEICTICHBI
Ni u Zn, yTo HaOIIOJAIOCH BO BCEX MONYUYEHHBIX crekTpax. [lo pe3ympTaTam KOJIHYECTBEHHOTO
xumudeckoro aHanuza (tabn. 10) dopmyny uccnemyemoro (onapObopTHTa, pACCUUTAHHYIO MO S
KaTHOHaM  Ha  (OpPMYJIBbHYIO  €AMHHIly, MOXXHO  3amicarTh  CIEAYIOINMM  00pa3om:
(Cuz.75,ZNn0.19,Ni0.06)x3.0 V1.99007(OH)1.975:2H20 (T'miera u ap., 2021).

Ta6auua 10. Xumunueckuit coctaB ponbbopTrTa 13 Mmectopoxaenus Tos-MyroH (Mac.%).

Kommnonent Mac. % Jwnanazon
CuO 46.15 43.14-48.15
Zn0O 3.23 1.54-3.38
NiO 0.92 0.65-1.05
V205 38.22 36.01-38.53
HZOpacq 1146

Cymma 99.98
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KomnyectBo OH-rpynn paccuntano nmo 6anaHcy 3apsioB, a coaepskanne HoO B poasbopTuTe
OBUIO IPUHATO PABHBIM JIBYM MOJIEKYJIaM Ha (hOPMYITy, B COOTBETCTBUHU CO CTPYKTYPHBIMU JaHHBIMU.
OTnHYuTENbHONH 0COOCHHOCTHIO  (DONBOOpTUTA M3  MECTOpPOXKICHHS Tiosa-MyroH  sIBIsIeTCS

uzomopdHoe BXxokaeHne B mo3uiuio Mmeau Zn u Ni (C'uura u gp., 2021).
3.3  HudpakpacHas ciekTpockonus (poiL00pTUTA

Jis  momydeHus  WMHQPPAKpACHOTO  CIEKTpa moryiomeHus  oOpaszerny  QoiapdbopTuta
npeBapuTeNbHO ObUT CMEIIaH ¢ BBICYIICHHBIM IrpanyaupoBaHHbM KBr, cipeccoBan B TabieTky u
npoaHanu3upoBaH ¢ ucnoibzoBanueM HWK-Dypoe cnexktpomerpa Bruker Vertex 70 FTIR B
nuana3oHe BonHOBBIX uncen 4000 — 400 cm™ ¢ paspemennem 4 cm* u 32 npoxonamu. B kadectse
sTasioHa Obl1 ucnoiab3oBaH MK-cnekTp ananornuHoi npoOsl unctoro KBr.

[omyuennsrii UK-cnektp ¢onpbopTtuta (prc. 24) Obl1 MpoaHATU3WPOBAH B CPABHEHHH C
JIMTEpaTYPHBIMH JaHHBIME K3 paboThl P. ®pocta u coaBTopos (Frost et al., 2011) (puc. 24b; obpaserr
Cpennuii Ypai, [Tepmckas obmacts, Poccus), u ¢ qanasivmu u3 padotsr H.B. Uykanosa (Chukanov,
2014) (puc 24c; mectopoxacaune Yukynyk, Kensuikym, Y30ekucran). Mateprnperanus UK-criekTpa
HCCIIEIOBAaHHOTO 0OOpasna ¢Goap00pTuTa OBLIa BBHIIIOJHEHA COTJIACHO JIMTEPATYPHBIM JAaHHBIM IO
pa6ote P. ®pocra (Frost et al., 2011). TTonocs! nornomenus B UK-cniextpe dhonsdopTura (em?; s —
strong band, w— weak band, sh — shoulder) u cooTBercTByrOLIMIE UM 3HAYCHUs MPHUBEACHBI B

npuiioxkeHuu 3.6.

MornoweHne —»

500 1000 1500 2000 2500 3000 135'00 4000
BonHoBoe 4ucno (cm™)

Pucynok 24. UK-cniektpsl uccienyemoro (onpooptuta u3 mectopoxaeHus Tros-MytoH, Kupruzus
(a), donpboptura Cpemuero Ypama Ilepmckoit obmactu, Poccust (b) (Frost et al., 2011) u
dbonpbopTHTa M3 MecTOpOXkACHHS YUKynyK, Ke3bpiikym, Y36ekuctad (¢) (Chukanov, 2014).
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3.4  TemnnoBoe pacmmmpenue ¢oaboopTUTa

Tepmudeckoe noseneHue GponbOOpTUTA OBLTO 3y4eHO B psjie pador (Kalal et al., 2014; Wang
etal., 2018), ogHako, XapakTep TEIUIOBOTO PACIIMPEHUS CTPYKTYPhI OCTaBaJICs Her3BecTHBIM. Tora
KaK JJIs TAKOT'0 YHUKAJIbHOI'O (DYHKIMOHAIBHOIO MaTepuaja ¢ MarHUTHeIMU cBoiictBamu (Hiroi et
al., 2001; Bert et al., 2005; Yoshida, 2009a; 2009b; 2012a; 2012b; 2017; Ishikawa et al., 2012; 2015;
Janson et al., 2016; Inosov, 2018; lkeda et al., 2019; Hiroi et al., 2019), Ba)xHO TOHUMATh XapaKTep
TEIUIOBOTO PACIIMPEHHUS IPU TEMIIEPATyPHOM BO3/ICHCTBHH.

Jns ponbboptuTa M3 MectopoxkaeHus Trosg-MyrtoH ObUT BBIIOJIHEH TEPMUYECKUH aHAIU3 U
HOPOLIKOBBIE TEPMOpPEHTreHorpaduieckue uccienoBanus. s unteppana remmneparyp ot 30 °C no
780 °C omnpeneneHsl IM1aBHbIE 3HAUEHUSI TEH30pa TEPMHUUECKOIO PaCIIMPEHUsI U €r0 OPUEHTHPOBKA
OTHOCHUTEIIEHO  KpHucTautorpaduyeckux ocedd  ¢dompboptuta. TepmopeHTreHOTpaduiIecKoe
uccienoBanre (GpoapOOpPTUTa OCYIIECTBISIOCH € UcIoNb3oBaHueM audpakTomerpa Rigaku Ultima
IV (u3nyuenune CoKa, A = 1.7889 A), ocHamieHHOro BbICOKOTEMIIEpaTypHOil mpucTaBkoit «SHT-
1500». O6pa3zer GonrpdOpTHTA IPEABAPUTEIBHO PACTUPAIICS B CTYIKE U OCAKIAIICS U3 TCKCAaHOBON
CYCIIEH3UH Ha MEIHYIO TOIJIOKKY. TepMopeHTreHorpadguueckoe McciaeI0BaHue MPOBOAMIOCH HA
Bo3ayxe B mHTepBase Temneparyp ot 30 °C go 780 °C. B wunrepane 30 — 400 °C mar no
temmneparype coctasisul 10 °C, ckopocts Harpesa 2 °C/muH. B nntepsane 400 — 780 °C Ob11 BoIOpaH
miar o temneparype - 20 °C, a ckopocTb HarpeBa MeX1y TeMIEpaTypHbIMU TOUYKaMU COCTaBHIIA 5
°C/muH. Peduiekchl peructpupoBainch B auana3zone yrioB 260 10 — 75°. [lapameTpsl aneMeHTapHON
SYEUKH YTOYHSUIUCh JJI IOPOLIKOBBIX PEHTIEHOIpaMM NpU KaXAOH TemIeparype MeTOJ0M
PutBenpia (Rietveld et al., 1967) ¢ ucnone3oBanrem mnporpamMmmHoro obecreuenusi Rietveld-to-
Tensor (RTT) (byonoBa u np., 2018). Takxke c¢ mnpumeHeHueM RTT ObutM paccUuTaHbI
KO3 (UIIMEHThl TEH30pa TEIJIOBOTO pACUIMPEHUs, BbIYMCIEHA OPUEHTHPOBKA OCEH TEeH30pa
OTHOCHUTEJIHO KPUCTAIOrpauuecKUX OCei M IOCTPOCHBI ITIaBHbIE CEUEHHUs TOBEPXHOCTH TEH30DA.

[Ipu wuccnenoBanuu QonabOOPTUTA METOIOM BBICOKOTEMIIEPATYpHON pEHTTreHOrpapuu B
nuanazone temnepatyp oT 30 °C go 780 °C audpakuroHHas KapTUHA TUHAMHYHO MEHseTcs (pHc.
25). b0 BBIZIETIEHO HECKOIBKO TeMIepaTypHbIX nHTEepBaioB (I-V1), oTBewaromux pa3amaHoro pojaa
¢a3oBbIM MpeobpazoBaHusaM. Bo BceM anana3zoHe TeMiepaTyp HEM3MEHHO MPOCIEKUBAIOTCS TUKH
Pt (matepuan mommoxxku) (Schroeder et al., 1972). ®onsboptur ycroniums go 220 °C, nanee
HaunWHaeTcss TpaHchopMalys, CBsI3aHHAs C TPOIECCAMH JCTHIPATAIMH W ICTHAPOKCHIIAINN C

MOCJIETYIONTUM 00pa30BaHUEM PA3TUYHBIX BAHAATOB MEJIH.
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VI. “Stoiberite” [Cu,0,](VO,),
“Fingerite” Cu,[Cu,0],(VO,),

V. “Mcbirneyite” Cu,(VO,),

IV. “Ziesite” B-Cu,V,0,
“Mcbirneyite” Cu,(VO,),
“Pseudolyonsite” Cu,V,0,

lll. “Ziesite” B-Cu,V,0,
II. Transformation of £ - T £
volborthite . KSRk
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Pucynok 25. TpexmepHoe m300pakeHHE W3MEHEHUs TUPPAKIMOHHOW KapTHHBI (OILOOPTHTA U
IIPOAYKTOB €ro pas3joXeHUs B 3aBUCUMOCTH OT Temmeparypbl B uHTepBane 30-780 °C. Bce
W3MEHEHHUs MOTYT OBITh TOJpa3JiesieHbl Ha 6 3tanoB: | — u3HavyaneHbId QonsoopTat; |l — cTanus
Tparcopmalu nepBUYHOr0 POoILOOPTHUTA, CBA3aHHAS C JAeTHApaTaluei u aeruapokcunanueit; 11
— obpazoBanue ananora musurta B-Cu2V.07 (Mercurio-Lavaud, Frit, 1973); IV — cocymecTBoBanue
anasoro 1usuta -CuxV207, makouprenta Cus(VOs)2 (Hughes et al., 1987a) u nceBaoroncuTa
CusV20g (Shannon, Calvo, 1973b; Zelenski et al.,, 2011); V — craaus, xapakTepHU3YIOIIasCs
NPUCYTCTBHEM TOJIBKO OIHOTO coeauHeHuss — aHajgora makOupHenta Cus(VOs)2 (Hughes et al.,
1987a); VI — obpasoBanue u cocymniectBoBanue aHanoros croidoepura [CusO2](VOs)2 (Shannon,
Calvo, 1973c) u ¢punreputa Cuz[CusO]2(VO4)s (Hughes, Hadidiacos, 1985), ans aByx mocieanux
MIPEJICTaBJICHBI CTPYKTYPHBIE (DOPMYITBI C BBIIEICHUEM OKCOLIEHTPHUPOBAHHBIX KOMILIIEKCOB.

Tak, B mepBom wmHTepBane (l) temmeparyp 30 — 220 °C Ha auQpakIMOHHOW KapTHUHE
HaOMIOar0TCsl TOJIBKO MHKH (onboopruta. danee B untepBane (I1) 230 — 300 °C nabmomaroTcst
nporecc TpaHchopmanuu (HosbOOpPTUTA, BBI3BAHHBIM JeTuapaTaliedl MU JErHJIpOKCHIIALUCH.
JlaHHBI WHTEpBAl XapaKTePU3yeTCs YMEHBIICHHEM HHTCHCUBHOCTH NHKOB (OIBOOpPTHUTA H
JATBHEHITUM TOSIBIICHHEM HECKOJIbKMX MUKOB HeuaeHTuduuupyemoit dasel. B unrtepsane (I11)
temmeparyp 310 — 420 °C Ha nudpaknnoHHONW KapTHHE HaOMOmaroTcs nmuku 1usuta B-Cu2V207
(Mercurio Lavaud, Frit, 1973), Torna kak nmuku Apyrux ¢a3 Ha 3TOM TeMIEpaTypHOM HHTEpPBAJIE
orcyrcTByl0T. C Temneparypsl 440 °C u no 560 °C (cramus IV) Ha qudpakuuOHHONW KapTHHE
TIOSIBIISIIOTCS, YBEIMYMBASICh B WHTCHCHBHOCTH, THKH CHHTETHYECKOW (ha3bl TCEBIOIMOHCUTA
CusV20g (Shannon, Calvo, 1973b; Zelenski et al., 2011) u nmuku max6uprenta Cuz(VO4)2 (Hughes et
al., 1987a), npu srom nuku musurta f-CuzV207 BEIpOXKAAIOTCS C YMEHBIICHUEM HHTEHCUBHOCTH. C

temneparypsl 570 °C mo 760 °C (cragus V) Ha nudpakiinOHHON KapTHHE OTMEUYAIOTCS TOIBKO MUKH

makoupaenta Cuz(VOs)2 (Hughes et al., 1987a), MHTEHCHMBHOCTh HMX YMEHBIIIAETCS C POCTOM
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temneparypsl. [Ipubmkasce k Temneparype rniaaBieHus, 1upakiroHHas KapTHHA MEHSETCS: IpU
temmneparype 760 °C ormeuaroTcst 6ojiee ciabbie o0 HHTeHCUBHOCTH Mk MakOupHenTa Cuz(VOs):2
¥ MOSIBIISIFOTCSL MHTeHCHBHBIE KK croribepura CusO2(V0s)2 (Shannon, Calvo, 1973¢) u ¢punrepura
Cu3[CusO]2(VOs)s (Hughes, Hadidiacos, 1985). B koHume TepMOpeHTreHOrpaduIecKoro
skcnepumenTa npu 780 °C (cramus VI) Ha audpakiiMOHHON KapTHHE HAOIIOAAIOTCS TOJIBKO MHKU
croiibeputa [CusO2](VO4)2 u dpunreputa Cuz[CusO]2(VOs)s (TCunra u ap., 2021).

Jna temnepatryp 30 — 220 °C OblIM yTOYHEHBI NIApaMETPbl 3JIEMEHTAPHOW SUYEHKH
donpboptuTa. [lapamerpsl 37eMeHTapHOM sueiku &, b, C 1 00beM V ¢ MOBBIICHUEM TeMIIEPaTyphI
U3MCHSIOTCSI MOHOTOHHO (puc. 26). Tak, mapameTp a cinabo yMmeHbIaeTcs, mapamerp b ¢ pocrom
TEMIIEpaTypbl PE3KO YBEIMYMBACTCSA, HauMeHee clabo MeEHSeTCs Mapamerp ¢, He3HAYUTENIbHO
yBenuunBasich. OOBEM dJEMEHTapHOU siueiiku (HoIpOOPTUTA JIMHEHHO YBEITHMYMBACTCS C POCTOM
TEMIEpaTypbl. YTOoJl MOHOKJIMHHOCTH [3 ¢ moBblleHHeM TemnepaTypel qo 180 °C miaBHO
yMeHbIlaercs, crpemsich k BenuuuHe B 90°. Ilpu manpHeiimem HarpeBanuu no 220 °C, xoTopas
Osm3ka K pacnany Gonp0opTHTa, YToJI MOHOKIMHHOCTH 3 Bo3pacrtaeT (puc. 27). TemmepaTypa 0Koyio
180 °C cormacyercs ¢ HadaJloM TOTEPH MAacChl Ha KPUBOH TepMmorpaBumeTpum (puc. 28), TIe,
OUEBUJHO, HAYMHAETCS TMpollecc JAeruaparanuu. YTIJIOBbIE MapaMeTpbl peuieTku Oosnee
YyBCTBHUTEJBHBI K TEMIIEpAType, 4YeM JinHeiHbIe napameTpsl (byoHoBa, @unatos, 2008). M3meHenue
XapakTepa TeMIepaTypHOI 3aBHCHMOCTH YIIIOBOTO MapameTpa 3 B CTPYKType GoIp00pTHUTA CXOXKE C
omnucaHHOU paHee mpu Aeruaparanuu apaepewinta NHa[BsO7(OH)2]-H20 (Aunepcos u np., 2005).
COOTBETCTBEHHO TEPMHUYECKYIO 3aBUCHMOCTH YIJIOBOTO IMapaMeTpa [3 anmpOKCHMHPOBAIH JBYMS
JUHEWHBIMU 3aBUCHUMOCTSMU Ui TemreparypHblx uHTepBaioB 30-180 °C u 190-220 °C c
UCIOJIb30BaHUEM CUHTYJISIPHOM TOUKH M3JI0Ma, TeMIepaTypa KOTOpoi Obliia onpeneneHa kak 182 °C
B nporpamme RTT (byOnoBa u ap., 2018). Ilapamerpsl 31eMeHTapHOW siueku (oabOOpTHTA
ANMPOKCHMHPOBAIH C TIOBBIIICHHEM TeMItepaTypsl (7) cOrTacHO ypaBHEHHSIM:

a(T) = 10.6070(8) - 0.0445(5)-103-T
b(T) =5.8701(4) + 0.1694(3)-103-T
c(T) = 7.2194(9) + 0.0087(6)-1073-T (6)
B(T)s0-150 °c = 95.01(1) - 2.53(1)-1073-T
B(T)180-220 °c = 93.65(2) + 4.9(1)-1073-T
V(T) = 447.8320(1) + 12.858(1)-103-T
Ha puc. 5 npencraBiensl TeMIiepaTypHble 3aBUCUMOCTH MTapaMETPOB JIEMEHTAPHON SYEHUKHU

¢donsbopTuTa B mHTEpBase 30 — 220 °C.
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Pucynok 26. [Tapametpsl 37eMeHTapHOW sSUYeiKU QOIBOOPTHTA B 3aBHCUMOCTH OT TEMIIEpaTyphl B
unrepsaie 30 — 220 °C (I'mara u ap., 2021).

C ucnonp3zoBaHueM KO3(QPUIMEHTOB ypaBHEHHH TeMIepaTypHOH 3aBUCUMOCTH MapaMeTpoB
PEIIETKH BBIYMCIICHBI TJIaBHBIC 3HAYCHHS TEH30pa TEPMHUYECKOTO pacuIMpeHus, K03()(uIueHTs
paciIMpeHusl BAOJIb KPUCTAUIOrpapuuecKuX OCed M OPUEHTHUPOBKA OCEM TEH30pa OTHOCUTEIILHO
Kpuctayorpaduueckux oceil (mpunoxkenue 3.7) B unrepBane temnepatyp 30-220 °C. ['maBHbIe
ceueHust U purypa KodpGUIMEHTOB TEPMUYECKOTO PACIIMPEHHs] B COMOCTABIECHUU C MPOEKIHen
KPUCTAJIIMYECKON CTPYKTYpHI (hob00pTHTA PECTABIEHBI Ha pUCYHKE 27.

B unTepBane temnepatyp 30-180 °C ¢homp00pTUT MaKCUMAaIBbHO PACIIUPSAETCS BIOIb OCH D,
3TO HAIpPAaBJIEHUE COBNAJACT B MOHOKJIMHHBIX KPHCTAUIaX C OCBIO TEH30pa o22. B 1uiockocTtu
MOHOKJIMHHOCTH aC BCJEICTBUE HE(UKCUPOBAHHOTO CUMMETpHEN yriia B CTpyKTypa pacuIupsieTcs
Haubosee pe3Ko aHU30TPOIHO BIUIOTH 10 OTPULIATEIBHOIO TEPMUUECKOI0 pacuivpeHus. B qanaom
MHTEpBaJie TEMIIEPATYP B INIOCKOCTH MOHOKJIMHHOCTH a¢ Ha0JII01aeTCs paclIupeHe B HAPaBICHUH
OMCCeKTPUCHI TYTOTO yria 3 (0Ch a33), 1 MAaKCUMaJIbHOE C)KaTHE B MEPIIEHANKYIISPHOM HallpaBJIeHUN
(ocb ai1). Ilpm 3TOM pacmupeHue U C)KaTHe JOCTUral0T TMPAKTUYECKHM PABHBIX BEJIHYWH:
MHHHAMATBHOE OTPUIIATENHFHOE pacCIIMpenue oi1 paBHO —22x107° °C™! makcumanbHOE a3s paBHO
22.6x107% °C™1. O6macTh OTPULATENBHOTO PACIIMPEHNUS 3HAUNTENbHA (pHC. 27), CKATHE BIONb OCH
a MHOTO MeHbIe a11 (0 = —4.2x107° °CL, g = 1.2x1075 °C™1), mpu sTOM pesko m3mensieTcs yromn
MOHOKITHHHOCTH P g = —27x107% °C™L. Peskast aHU30TPONHS TEPMUUECKOTO PACIIMPEHHS ABIISETCS
CJIEZICTBUEM HW3MEHEHMs YTJIOBBIX IapaMeTpoB, HE (UKCUPOBAHHBIX CHMMETpUEH — CIIBUTOB
cornacHo C.K. ®@unaroBy (Pumatos, 1990; Filatov, 2008). D10 X0opoIo BHIHO Ha PHCYHKE 27:
YMEHBIIEHWE TYNOro yria [3 BbI3bIBAET pACHIMPEHHE B HANpPaBICHUUM KOPOTKOH JMaroHaiu
napauenorpaMma ac U cxatue BJO0Jb IJIMHHOM — OTPHUIIATEIbHOE pacliupeHue. YToi B cTpeMuTcs
Kk 90°, uto oOycnoBneHo cornacHo koHmemnmuu C.K. ®@umarosa (@umatos, 2011) moBbiieHrEM

CUMMETpPUHU C TIOBBIIICHHEM TEMIIEpaTyphbl, B JIaHHOM CIIy4ae CTPYKTypa CTPEMUTCS MEpelTH B
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pomOuYecKkyro. B pe3ynbTaTe CIBUTOB, MO-BUIUMOMY, CMematoTcsi okTadapudeckue ciaou CuOg,
U3MeHss POpMY KaHaJIOB, 3aMIOJTHEHHBIX MOJIEKYJIAMHU BOIBI.

Bo6mm3u Temneparypsl pasnoskenus ponpsoopruta B uHTepBaie ot 180 °C no 220 °C, xapakTep
TEPMHUECKOTO pacimupeHusi (onab0opTuTa pe3Ko MEHSETCs — TMOABIAETCS TOYKa H3JioMa Ha
TEeMITepaTypHOH 3aBUCUMOCTH yTJia MOHOKIMHHOCTH 3. i naTepBana 180 — 220 °C MuHUMaIbHBIS
¥ MaKCHMAaJIbHBIC TJIaBHBIC 3HAYCHHS TEH30pa TEPMUUECKOTO pacIMpeHus (033 U 011) OTMEYAIOTCA
BJIOJb OWCCEKTPUCHI TYNOTO YIia MOHOKJIMHHOCTH [3 M TNEPHEeHIUKYISIPHOTO €W HampaBiICHHUS
COOTBETCTBEHHO. B [1aHHOM TeMIepaTypHOM HHTEpBajie€ B IUIOCKOCTH MOHOKIMHHOCTU dc
HaOMOlaeTcsl C)KaThe BAOJIb OHMCCEKTPUCHI Tymoro yria [ (oCh 033) M pacUIMpeHue B
NEepIEeHINKYIIIPHOM HanpaBieHuH (0Ch a11). Yo B, KoTtopsiii ymenbmancs 1o 180 °C, naunnaer
yBemmuuBathes (ap = 52x107° °C™1). B pesynbrare HabmomaeTcs «oOpaTHEIID CIABHT: TIOCKOIBKY P
YBEJIMYUBACTCS, B INIOCKOCTH MOHOKJIMHHOCTU CTPYKTYpa pacIUpsIeTCs BJIOJIb JUIMHHOM TMaroHanu
U CKMMAaeTCsl BJIOJIb KOPOTKOH (mpuiioxenue 3.7). BenencTBue BbIXoAa MEpBBIX MOPIUN MOJEKYIT
BOJIBI CXJIOTIBIBAIOTCS KaHAJIbI — HAYMHACTCS JIETUPATAIHS, COMTPOBOKAAIOMIASICS MOTEPSIMA MACCHI.
(b)

30-180 °C 180-220 °C

b=a b=a,,

Pucynok 27. Ilpoekuuu KPUCTANTMYECKOH CTPYKTYphl (HOILOOpPTHTA BAOJIB OCH ¢ U ocu b (d),
IJIaBHBIE ceueHHs M (urypa Kod(pPHUIHMEHTOB TEPMHUYECKOTO pACIIUPEHUs B TEMIEpPaTYPHBIX
nuamnaszonax 30-180 °C u 180-220 °C B comocTaBiIeHUH ¢ TPOSKITUIMU KPUCTALTHYECKON CTPYKTYPhI
(b) Tuara u ap., 2021).
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3.5 Kommiaekcubiii Tepmuyeckuii anaaus (TT +1CK) ¢oandopTuTa

Huddepennnansuo-ckanupytomas kagopumerpus (JJCK) u repmorpaBumerprueckuii anamms
(TTA) nnst ponpOoOpTHTa OBUTM BBHIOTHEHBI C HMCIHOJIB30BaHUEM NpUOOpa CUHXPOHHOTO
tepmudeckoro aHanuza DSC/TG NETZSCH STA 429 CD npu HarpeBaHHH B OTKPBITOM alyHIOBOM
turie B uaTepBasie Temneparyp ot 40 no 815 °C u oxnaxaenuun ot 815 mo 320 °C co ckopocTsiMu
HarpeBa u oxyaxaeHus 10 °C /mMuH, B moToke Bo3ayxa 50 Mi1/MHH.

Ha pucynke 28 mnokazanbl pesymbratel TI'A u JCK wuccnegoBanuii  ¢pomsbopruta
CuszV207(OH)2-2H20. TIpu TI'A wuccrnenoBanuu Ha TI'-KpuBO# OBLIM OTMEUYCHBI MOTEPH MACCHI
obpasua 4.26 % u 6.33 %, KOTOPBIM OTBEYAIOT TPH dHA0TepMUUeckuX nuka Ha kpuBoi JJCK (I'mnra
u np., 2021). JIna nepsoro stana (1), kotopsiit Haunnaaercs npu 152 °C no 245 °C norepst Macchl
COOTBETCTBYET motepe oauoi Monekyasl H20. Bropoit (1) u Tpetwnii (111) atansr mpu 282.5 °C u 303
°C cootBercTBeHHO, Ha TI'-kpuBOW ObLIM OOBEIUHEHBI OJHOW MOTEpPEeH Macchl, OTBEYAIOLIECH
[O3TallHOMY BBIXOJY JBYX Mojekyal Boabl H20O u3 cTpykTypbl. VYHpOIIEHHBIE peakluH,
COOTBETCTBYIOIIIE SHAOTEPMUYECKUM 3(PdexraM mpu TOTEpSX MOJIEKYJ BOJBI, TOKa3aHbI Ha
pucyHke 28.

Ha kpusoii JICK ormeuaercs sx3oTepmuueckuii a¢ ekt npu temneparype 460 °C, koTopblit
XOPOUIO COTJIacyeTcs ¢ JaHHBIMH TepMOpEHTIeHOorpaguueckoro ucciaenoBanus goiapdoptura. [Ipu
JTAaHHOM TeMIiepaType Ha PeHTTe€HOTpaMMe TOMUMO NMUKOB aHasora mu3uTa B-Cuz2V207 mosBisitoTcst
MUKW BaHa/1aTOB Meu: niceBaononcuta CusV20g, makoupHenTa Cuz(VOas)2. Taxoke Ha JICK kpuBoii
OoTMeYaeTcsi 3HAoTepMudeckui apdext Ha 787 °C, mpu KOTOPOM HPOMCXOIUT WHKOHTPYIHTHOE
IUIaBJIeHHE cMecH BaHajaToB. OOpasel] nocie oCThIBaHUs UMEeT MPU3HAKU YaCTUYHOTO IUIABJICHHUS
U COJICPKUT HEOOJbIIINE KOTMYECTBA KPUCTAIUTMYECKON cocTaBsiromei B Buae ooccura o-CuzV207
(Calvo, Faggiani, 1975). Habmonaemble B HallleM HCCIEI0BaHUU 3HI0TEpMUUECKHE dP(DEKTHI IPU
245 °C u 303 °C xopomo cornacytores ¢ aureparypasiMu qanHbiMu 1T n JICK uccnenoBanmii
cuHTeTHYeckoro anainora ¢omsoopruta (Wang et al., 2018). B paGore coobmaercs 00
SHI0TepMHUUYECKUX TTKax mipu 259 u 304 °C, KoTOophIe COMPOBOXKIAIOTCS TIOTEPEH Macchl OKOJIO 12
%, a TaK)Ke OTMevaeTcs sk3oTepmudeckuii apdext mpu 396 °C (Wang et al., 2018). B apyroii padoTe,
NOCBSIILIEHHOW TakXe CHHTeTHYeckoMmy aHajiory ¢oansbopruta (Kalal et al., 2014), npuBoautcs
uHpopmanus o6 sHA0TepMHUUecKoM THKe rpu 238.19 °C, ans KoToporo moreps Macchl COCTaBUIIA

12.02%.
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Pucynox 28. Pezynbratel JICK u TI" uccnenoBanuii ponsdboptuta (3enenas kpunas — kpuas [[CK,
cunss — kpusas TI', kpacusie kpuBble TI' u JICK npu obpatHoM oxnaxaenun) (I'mnra u np., 2021).

3.6 BriBOABI

[TpoctpancTBeHHOU Tpymnmoil g (onsbopTuta ¢ MectopoxaeHus Tros-MyroH sBiseTcs
rpymma C2/m, 3To He HCKITIoYaeT (pakTa CyHIeCTBOBAHHS PA3INYHBIX TTOJTUMOP(PHBIX MOAUDHUKALIHIA,
XapaKTEepHBIX JJIs pa3HbIX O0CTAaHOBOK MHHepasiooOpa3oBaHMs. OTIMUUTENBHONH OCOOEHHOCTHIO
dbonpbopTHTa, OOHAPYX)EHHOTO B TH0s-MYIOHCKOM pYyJHUKE, SBISETCS U30MOP(GHOE BXOXKJICHUE B
no3uruto Mmeau Zn u Ni (I'mara u ap., 2021).

ITo pe3ynbraTam TepMOpPEHTTEHOIpapUUECcKOro uccieoBatus Goas00pTUTa U POTYKTOB €T0
pasnoxkerus B uHTepBasie Temmepatyp ot 30 °C go 780 °C ycTaHoBiI€HO, 4TO (HOTLOOPTUT cTaOUIICH
B nHTepBasie Temneparyp 30 — 180 °C u pacmmpsiercs B JaHHOM TEMIIEPATYPHOM AUAaNa30HE PE3KO
aHuzotponHo. /s remneparyproro uarepBana 30-180 °C B mI0CKOCTH MOHOKJIIMHHOCTH @C BJIOJIb
OuccekTpuchl Tymoro yria [3 HaOiromaercst paciiupeHue (0och 033), a B IMEPHEHAMKYISIPHOM
HAarpaBJICHUH, PACTIONIOKEHHOM BJIOJIb OMCCEKTPHCHI OCTPOTO yIiia, OTMEYaeTcsl CxKaTue (0Ch 0l11).
OTtpunareiabHOE TEIIOBOE PACIIMPEHHUE MOKET ObITh 00YCIOBIEHO CABUTOBBIMH JehopMalusiMu
CJIO€B JpYyr OTHOCUTEIBHO Jpyra M yMEHbIIeHHeM yria B co ctpemsienneM k 90°. Beimre
temneparypsl 182 °C Ha TepMudeckoe pacimupenue Gpoab00pTUTa HakJIaAbIBaeTCsl APYron mporece
— TpolecC AETUApATallii, U IPHU BBIXOAE U3 KPUCTAIIIMYECKON CTPYKTYpBI NEPBBIX MOPLMNA BOJBI,
XapakTep TEPMUUYECKOTO pacuIupeHusi Goab00pTUTa MEHSAETCS TaKUM O00pa3oM, YTO B IJIOCKOCTH

MOHOKJIMHHOCTH @C BJOJb OWCCEKTpHUCHl Tymoro yria [ HaOmomaeTcs cxaTue (033), a B
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NEPIEeHIUKYIIPHOM HAIPaBJICHUH, BAOJIb OUCCEKTPUCHI OCTPOTO yriia, HaOII0AAaeTCs paclIupeHne
(o011). DOt nmedopmanmu MOTYT OBITH BBI3BaHBI W3MEHEHHEM MEXKCIIOEBOTO TPOCTPAHCTBA
MOCPEJCTBOM OOPAaTHOTO CIBHUTa CIIOEB, CBSA3aHHOTO C BBIXOJOM KPHUCTAJUIM3AIMOHHON BOJIBI U3
CTPYKTYpBI, U KakK CIEJICTBHE, «CXJIOMBbIBAHUEM» OKTa- U TeTpadipuueckoro kapkaca (I'mura u mp.,
2021). ITorepss HayaNbHBIX MOPIUH BOJBI CONPOBOXKIAETCS YMEHBIICHHEM pacUIUpeHUs: o0bema
aJIeMEHTapHOU sueiiku donpoopTuTa. [logo0HOE MOBEACHNE HU3KOCHMMETPHYHBIX MOHOKJIMHHBIX
AYEEK MPU MOBBIIIEHUN TEMIIEPATYPhI SBIIIETCS BECbMa pacnpocTpaHeHHbIM. OnycaHue NpuMepOB
0I00HOr0 TEPMUYECKOTO PACIIMPEHHs] MOXHO BCTPETUTH B 0030pHBIX padoTax P.C. byOHOoBOI 1
C.K. ®unarosa (dunaros, 1990; byonosa, ®unatos, 2008; Bubnova, Filatov, 2013).

WuTepecHbIM mpeiacTaBisieTcss TOT (akT, YyTO IO pe3yjbTaTaM BbICOKOTEMIIEPATYPHOTO
peHTTeHOrpadIecKoro uccieaoBanus u auddepeHnnanbHO-CKaHUPYIOMIEeH KaTOPUMETPUH TTOCIIe
JIeruaparandd  obpasen; (QoapbO0OpPTHTAa MOATAHO MEPEeXOAUT B IUENbId psia (a3 H3BECTHBIX
MHHEpanoB-BaHanaToB Meau: ctoiideput [CusO2](VO4)2 (Shannon, Calvo, 1973c), uusut B-Cu2V207
(Mercurio Lavaud, Frit, 1973), ncesnommoncut CuzV20g (Shannon, Calvo, 1973b; Zelenski et al.,
2011), maxoupuentr Cus(VOs)2 (Hughes et al., 1987a), ¢unrepur Cus[CusO]2(VOas)s (Hughes,
Hadidiacos, 1985), 6noccur a-Cuz2V207 (Calvo, Faggiani, 1975).

[To naHHBIM HaIIMX MOJIEBBIX HAOMIOAEHNH Ha pymaposax 1miakoBbix KoHycoB BTTU Bynkana
Tonb6auuk (nm-oB Kamuarka), poab00pTUT sBIIsIETCA AOCTATOYHO PacCIpPOCTPAHEHHBIM MUHEPAJIOM B
TUIEPreHHbIX U HU3KOTEMIIEpaTypHBIX 30HaX (hymapos. MOoXKHO NpeanoaoKuTh, YTO 00Opa3oBaHHe
bonb00opTUTa TPOUCXOAUT MYTEM THUAPATAIIUN MEPEUUCICHHBIX BBIIE BaHATATOB MEAH, KOTOPHIE
ABJISIIOTCS ~ PACIIPOCTPAHEHHBIMU  HKCTAISIIUOHHBIMA ~MUHEpPAJIAMM B BBICOKOTEMIEPATYPHBIX

¢dymaponax nutakoBbix KoHycoB (Bepracosa, ®unatos, 1993; I1exoB u ap., 2020).
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I'naBa 4. Kpucra/uioxumus ¥ cBOHCTBAa HOBBIX OKCOBAHAIAT-XJIOPHU/IOB H

BaHAAMWJI-apceHaTa Meau

4.1  Pe3yabTarhbl IKCIUIOPATHBHOIO CHHTE3a HOBBIX COeJIMHEHNH B TPOiiHOi cucteme CuO-

V20s5-CuCl2

OnHO# M3 KIIIOYEBBIX 33/a4 JaHHOW Pa0OThI OBLIO IMOCTABICHO IMOJYYEHHE CHHTETHYECKHX
AHAJIOTOB HKCTAJSIIIMOHHBIX MHUHEPAJIOB M HOBBIX COCAMHEHUH B TpoiHbIX cucremMax CuO-V20s-
CuClzu CuO-VO2-As20s. OCHOBHBIM MEXaHU3MOM JIsI CO3JIaHHUSI CHHTETUYCCKUX COCTUHCHUN OBbLIT
BBIOpAH ra30BbIi TPAHCIIOPT B 3aMKHYTOM CHCTEME IPH BBICOKUX TemIiieparypax. [IpuunHoii BeIOOpa
BBICOKOTEMIIEPATYPHOTO CHHTE3a METOJIOM Ta30TPAHCIIOPTHBIX PEAKIMH TOCIYKUIO CTPEMIICHHE
CO3/1aTh MaKCUMAaJIbHO OJIM3KHE TEPMOAMHAMUYECKUE YCIOBHUS K (PyMapoIbHOMY MUHEPAJIOTEHE3UCY
(Bepracosa, ®unaros, 1993; 2012).

3a 0OCHOBY pacueTa COOTHOIICHUI PeareHTOB, MPEICTaBICHHBIX OkcuoM Meau CuO, okcupom
nstuBasieHTHoro BaHamaus V205 u xmopuma meau CuCly, w3HavanbHO OblLia B3siTa (Gopmysa
skcrasimuoHHoro  aBepbeButa  Cus02(V0s)2-n(Cu,Cs,Rb,K)Cly (Bepracosa u ap., 1998;
KpuBosuues u ap., 2015), 3aTrem ObuIHM OCTaBIEHBI CEPUM CUHTE30B HA CTEXHOMETPUH SIPOILIEBCKUTA
CugO2(VO4)4Cl> (Pekov et al., 2012a; 2013d), komapcuta CusO2((As,V)04)CI (Starova et al., 1998;
Vergasova et al., 1999), aneyrura CusO2(AsO4)(VO4)-(Cu,K,Pb,Rb,Cs)CI (Siidra et al., 2018b;
2019b) u moxyuaeBura CugO2(V04)3Cls (Siidra et al., 2018c; 2019c¢).

B pesysbraTe mpakTHyecKoit yacTu naHHOM padoTel st cucteMbl CUO-V205-CuCl, cymmapro
0b110 BhIMONHEHO 130 cuHTE30B B KBapleBbIX TpyOKax. OCHOBHBIM JOCTH)KEHHEM MpPOJETaHHON
paboThl B JaHHOM cHcTeMe SBISETCS MOJyYeHHE CHUHTETHYECKMX aHaJloTOB aBepheBUTa 0e3
JIOTIOJTHUTEBHBIX KaTHOHOB mienouHbIXx MeTamioB CusO2(V04)2-(CuCl) (Kornyakov et al., 2021),
spomeBckuta CugO2(VO4)4Cl2 (Siidra et al., 2020), cuHTeTHYECKOro aHajora ajeyTuTa
Cus02(V0Os4)2:(KCl)os, cuntetnueckoro BanaaueBoro ananora komapcura a-CusO2(V0O4)Cl, HOBOM
MOHOKIMHHOU nonumopdroii Mmoaudukarmu konapeuta B-CusO2(VO04)Cl. Kpucramiorpaduueckue
napaMeTpbl HOBBIX COeMHEHMH mpeacTasieHsl B Tabnuue 11. [TogpoGHbIE onucaHus CHHTE30B U
¢dororpaduu KPUCTAIIIOB IIPUBEICHBI B MpuiIoxkeHusX 4.2.1-4.6.1 n 4.2.2-4.6.2.

[TomyTHO B mpoliecce AKCIUIOPATMBHOIO CHUHTE3a ObLIO MOJydyeHO (C OOJIbLION CTENEeHbIO
MOBTOPsIEMOCTH) 17 W3BECTHBIX CHUHTETUYECKUX (pa3, B OOJBIIMHCTBE CIIy4aeB, SBIISIOLIUXCS
pa3IMYHBIME W3BECTHBIMH BaHaJaTaMd MeId M okcuaamu BaHamus (puc. 20): croiOepur
CusO2(VOs)2 (Shannon, Calvo, 1973c), max6upuent Cus(VOi)2 (Hughes et al., 1987a),
ncesaonnoncuta CuzV20g (Shannon, Calvo, 1973b; Zelenski et al., 2011), ¢punreput Cu1102(VO4)s
(Hughes, Hadidiacos, 1985), 6moccut a-Cu2V207 (Calvo, Faggiani, 1975), mmusut B-Cu2V207
(Mercurio Lavaud, Frit, 1973), menanorammut Cu2Cl,0O (Scacchi, 1870), renopur CuO (Semmola,
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1842), mepounaut V205 (bopucenko u ap., 1970), V307 (Waltersson K.et al., 1974), VeO13 (Wilhelmi
et al., 1971), Cus.78VeO1s.7s (Rea, Kostiner, 1973), CuxV12029 (Kato et al., 1989), CuxV20s (Galy et
al., 1970), Cu2.33xV4011 (Rozier et al., 2003), 6emmour Cu(OH)CI (litaka et al., 1961), Tonbauut
CuCl; (Bepracosa, ®umnaros, 1983).
Taoauna 11. [TapameTpsl 271eMEHTapHBIX TYEEK HOBBIX COSMHEHUH, TTOJIydeHHBIX B cucteMme CuO-

V20s5-CuCl, B mporiecce BBICOKOTEMIIEPATypHOTO CHHTE3a METOJOM Ta30TPAHCIIOPTHBIX H
TBepA0(ha3HBIX peaKIuil.

®daza 1 2 3 4 5

dopmyna U,-CU402(VO4)C| B-CU402(VO4)C| CU502(VO4)2'(KC|)0,5 CUst(VO4)2'(CuC1) CUgOz(VO4)4C|2

Ipoctp. rp. ~ Pbcm P2/n C2/m P-3ml P-1
a,Ala° 5.458(6) 6.274(2) 18.180(3) 6.406(4) 6.472(4)

105.177(1)
b, A/B,° 11.183(1) 5.504(2) 6.1424(10) 6.406(4) 8.343(6)

90.389(3) 91.246(3) 96.215(1)

c,Aly° 10.375(1) 9.181(3) 8.2421(14) 8.403(5) 9.206(7)

107.642(1)
Vv, A3 633.32(1) 317.07(1) 920.2(3) 298.6(4) 447.6(5)
R: 0.025 0.014 0.024 0.036 0.028

B mporecce cucTeMaTHueckoro mpoxXoXaeHus Touek TpoitHoi quarpammbl CuO-V20s-CuCly
BBISIBJIEHO, YTO OOpa3yloIIMecs CHUHTETUYECKHE AHAJOTH AKCTAISLIMOHHBIX MHUHEpPAJIOB TPYIIIbI
OKCOBaHa/IaT-XJIOPUIOB MEIU MMPEUMYIIIECTBEHHO PACIIONAraloTCs B TOH 00J1aCTH TPEYTOJIbHUKA, T/1e
peo0IIaaroiM KOMITOHEHTOM BhIcTymaeT okcua meau CuO.

Hanee OynyT moAapoOHO paccMOTPEHbI KPUCTAIIOXMMUYECKHE OCOOEHHOCTH IOJIyYeHHBIX
HOBBIX COeIUHEHUH 1-5, mpeicTaBieHbl [aHHbIE CpPaBHEHMsS OSTHX COEAMHEHHUH, a TaKke

MPOAHAJIU3UPOBAHBI PE3YJIbTATHI UCCIECAOBAHUN X XUMUYECKOTO COCTAaBA U CBOMCTB.

4.2  Cunrernyeckuii anajgor konapcura o-CusO2(VO4)Cl u MoHokIMHHAsI ToTuMOpQHas

moaudukamus B-CusO2(VO4)CI

B mpomecce BBICOKOTEMIIEPATYpHOTO CHHTE3a METOJOM Ta30TPAaHCIOPTHBIX PEAKIUi Tph
MakcuMaibHbIx TemmepaTypax 600 °C u 650 °C (rpynmbl cuHTe30B A U B cooTBeTCTBEHHO) B
KBapLEBBIX aMITyJIaX B 30HE KPUCTAITU3AINHU ObLTH TosrydeHbl Kpuctaimibl o-CusO2(VO4)Cl (rpymmsr
cuHTe30B A u B), sBisomierocs 4ucTeiM BaHAIUEBBIM CHHTETUYECKHM aHAJIOTOM KOIapCUTa
Cus02(As054V0.4604)Cl (Starova et al., 1998; Vergasova et al., 1999), a takxke kpucramibl [-
Cus02(VO4)CI - monokmuunoi (P2/n) monumopdHoii MoanduKaIiuu Komapcurta (Ipyra CHHTE30B
A). TloxpoGHOe OmUCaHUE SKCIEPUMEHTAIBHBIX CHHTE30B 10 monydeHuio o-CusO2(V0O4)Cl u B-
Cu402(VO4)CI (P2/n) mpencranensl B npwiokennn 4.2.1. B caenyrommx maparpadax Oyamyt

ACTAJIbHO PAaCCMOTPECHBI KPUCTATNIOXUMHUYCCKUC OCOOEHHOCTH JaHHBIX HOBBIX COC,Z[I/IHGHI/II\/'I.
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4.2.1 Kpucrajiindeckasi CTPyKTypa CHHTeTHUYecKoro konapcura o-CusO2(VO4)Cl

MoHoKpHCTaJI CHHTEeTHUecKoro BaHaaueBoro komapcuta o-CusO2(VOs)Cl (coenunenus 1)
Obu1 uccnenoBan Ha gudpakromerpe Bruker «Kappa APEX DUO». bonee mnomychepst
JU(PPaKLMOHHBIX JAHHBIX ObLJI0 cOOpaHo ¢ ncnosab3zoBanueM MoKo —n3myyeHus 1 ckaHMpOBaHUs 110
o ¢ marom 0.50° u 50-cexyHaHOM 3Kcno3unuen. Kpucramamdeckas CTPYKTypa HCCIEAyEeMOTO
o0pa3ua cuHTeTHYecKoi (a3pl Obu1a yrouneHa B mporpamme SHELXL B mpocTpaHcTBEHHOH rpyrie
Pbcm. Kpucramnorpaguueckue aaHHbIE, MapaMeTpbl YyTOYHEHUS, KOOPAWHATHI U aHH30TPOITHBIC
napameTpbl aTOMHBIX CMEIICHUHN TTPUBECHBI B MPUIIOKEHHIX 4.2.3-4.2.5.

Kpucrannuueckas cTpykTypa COeAMHEHUS 1 COAepKUT TP CUMMETPUYHO HEIKBUBAIECHTHBIX
nosuruun Cul, Cu2, Cu3 (puc. 29). KoopauHanMOHHOE OKPYXCHHE IMO3WUIUH MeIu B
KPUCTAUTHIECKON CTPYKTYpE CHHTETHYECKOT'O KOIMApCUTa OTIMYACTCS IUPOKUM PazHOOOpa3HeM.
Tak, nmosunus Cul pacronaraercst B LEHTPE YETHIPEXYroiIbHOIoO cedeHus ¢ BepummHamu Ol u O2.
Koopaunanuonsoe okpyskeHue nozuiuu Cu2 co3naroT ABe KUCIopoHbIx no3uiuu O1, 18e no3uuun
02 u e no3uuuu Cl ¢ oTmanbIMu ApyT OT Apyra anunHamu csseii Cu-Cl, 2.596(2) A n 2.864(2) A
coorBercTBeHHO. [lozummst Cu3  HaxomuTcss B I[EHTPE  TETPAaroHaJbHOW  MUPAMUJIBI,
KOOPAMHAIIMOHHOE OKpYyXeHHe o0pasyror ase mosuuuu Ol, e mosumuu O3 u mosuuust Cl. B
KPUCTANINYECKON CTPYKType YHMCTOrO BAaHAJMEBOIO CHHTETHYECKOTO aHajora KomapcuTa TakKe
IPUCYTCTBYET Mo3ulus V, KoTtopas okpyxkeHa nByMs aromamu O2 u aBymst atomamu O3 ¢

obpazoBanreM TeTpadapuueckoro kommuekca (VOs)* (puc. 29).

(

o
*
@}

2:
2408 _g

)
o 7
c
)

Pucynok 29. KoopiuHanmoHHOe OKpyxkeHHe KaTHoHoB Cu?" u V°' B kpucTamimueckoif cTpykType
CTPYKTYpPHOT'O BaHaAueBoro ananora komnapcura o-CusO2(VO4)Cl.

Kpucrammmyeckas ctpykrypa BaHagueBoro anaiora xomapcura o-CusO2(VO4)Cl comepxur
OKCOIeHTpupoBaHHble TeTpadapsl [OCus]®*, B 06pazoBaHuMM KOTOPBIX ydacTBYIOT mosummuu Cul,
Cu2, Cu3, xoTopsie KOOPAMHHUPYIOT KUCTOpOoAHBIA 1eHTp O1. OKCOEHTPUPOBAHHBIE TETPAdIPHI
[O1Cu4]®" o6bemuusroTcs MO 06mMM pebpam Cu3-Cu3 ¢ obpasoBanmem ammepos [O2Cus]*.
Humepsr [02Cuq]** coenunsiorcs Mexay coboii mo obummM pedpam Cul-Cu2 ¢ obpasoBaHuEM

JUTMHHBIX 0fHOMEpHBIX nenodek [02Cus]*, BEITAHYTBIX B1OME ocH ¢ (puc. 30).
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Pucynok 30. OkconentpupoBannbiii Tetpasap [O1CuUs]®* ¢ ykasanubivMu paccrosnusmu O-Cu B A B

KPHUCTAJUTMYECKOU CTPYKTYpEe CHHTETHYECKOrO BaHaaueBoro aHaiora komapcuta o-CusO2(VO4)Cl
(a). CxemaTnueckas auarpaMma CBs3HOCTH TeTpadapoB [O1Cus]® uepes obmme pebpa (b).
Onmuomepnas nenouka [O2Cus]**, oOpasoBaHHas OObEIMHEHHBIMH 110 OOmUM pebpam
OKCOLIEHTPUPOBAHHEIMH TeTpadapamu [OCus]®* (c).

Mexay HM30JUpOBaHHBIMM OJHOMEPHBIMM IIETIOYKAMU PACHOJararoTcsl TeTpa’ipHyecKue
Bananatubie kommiekchl (VO4)*, a Takkxe atomsl xmopa (puc. 31). MexaToMHBIE PaccTOSHHS
«KaTHOH-aHUOH» B KPHUCTAUIMYECKOM CTPYKType YHCTOIO BaHAJIMEBOIO CHHTETHYECKOIO

CTPYKTYPHOT'O aHaJIOra KOIapcuTa MpuBeAeHbl B Tabnuie 12.

(b)

Pucynok 31. Kpucrammdeckas CTpyKTypa CHHTETHYECKOTO COeTMHEHHS 1 BIIOITb OCH a (2) U BIOJb
ocu C (b) (kpacHble MOMMAAPHI — OKCOLIEHTPUPOBAHHBIE TeTpadapbl [OCU4]®*, cunme momusapsr —
BaHafaTHEIE TeTpadaps! (VOs)>).



80

Taéauua 12. MexaToMHble PacCTOSHHUS B KPHCTAIIMYECKOH cTpyKType coenunenus 1 (A).

Cul-05 1.932(3)x2 Cu3-01 1.940(3)

Cul-02 1.959(3)x2 Cu3-03 1.942(3)
Cu3-01 1.960(3)

Cu2-01 1.945(3)x2 Cu3-03 2.409(3)

Cu2-02 1.970(3)x2 Ccu3-Cl 2.395(9)

cu2-Cl 2.596(2)

cu2-Cl 2.864(2) V-03 1.686(3)x2
V-02 1.737(3)x2
01-Cul 1.932(1)
01-Cu3 1.940(1)
01-Cu2 1.945(2)
01-Cu3 1.961(1)

4.2.2 Kpucrammyueckas crpykrypa B-CusO2(VOs:)Cl

MoHOKpHUCTaIlJI HOBOM BaHAAMEBOW MOHOKJIMHHOW MOIMMOPGHON MOAU(PHUKAIIMU KOMapCcuTa
B-Cu402(VO4)Cl (coenunenue 2) 6bu1 uccienoBan Ha qudpaxkromerpe Bruker «Kappa APEX DUO».
Bonee mosrycdeps! mudpakiimOHHBIX JTaHHBIX OBLIIO cOOpaHO ¢ ucroyib3oBanueM MoKo —u3mydeHus
U ckaHupoBanHus o o ¢ marom 0.50° u 40-cexyHHOM 3Kcno3unuei. Kpucrannuyeckas cTpykTypa
UCCIIeIyeMOoro oOpasma cuHTeThdeckoil ¢a3pl 2 Obuia yrouHeHa B mporpamme SHELXL B
npoctpaHcTBeHHO#M Tpynme P2/n. Kpucramiorpaduueckne IaHHBIC, MapaMeTpbl yTOYHEHUS,
KOOpJIMHAThl U aHW30TPOIHBIE MapaMeTPbl aTOMHBIX CMELIEHUI MPUBEAEHBI B MPHIOKEHUSIX 4.2.6-
4.2.8.

B kpucramnuueckoil CTPYKType COEIMHEHHMs 2 COIEPXKUTCI TPU CHUMMETPUYHO
HeaKBUBaNeHTHBIX o3unmu Cul, Cu2, Cu3 (puc. 32). KoopanHamoHHOE OKpY>KEHUE TTO3UIIUN MEAH
B KPHCTATMUECKON CTPYKTYpe (a3pl 2 OTIMYACTCS MHUPOKUM pazHooOpasueM. Tak, mosumus Cul
pacroiaraercsi B IEHTPE YeThIPeXyroiabHoro ceuenus ¢ BepmmHamu O1 u O2. KoopauHannonHoe
okpysxeHue no3unuu Cu2 co3narot 1Be KUCIopoaHbIX no3uiuu O1, ase mozuiuu O2 U 1Be MO3ULHU
Cl ¢ ornmmunbiMu apyr ot apyra mamuHamu cBszedr Cu-Cl, 2.629(7) u 2.875(1) coOTBETCTBEHHO.
[Tosumuss Cu3 HaxoaWTcs B ICHTPE HMCKAKCHHOW TETParoHAJIBHOH MHpaMUABl TaK, 4YTO
KOOPJWHAIIMOHHOE OKpYy)XeHue obpaszyior nse mosurmu Ol, ase mosurmu O3 u nosunus Cl. B
KPUCTAJNTHYECKON CTPYKTYpe COCIMHEHHUs 2 TaKXKe MPUCYTCTBYET MO3UIUs V, KOTOpasi OKpyX eHa
nByms aromamu O2 u gByms atomamu O3 ¢ o6paszoBaHueM TeTpadapuueckoro kommiekca (VOa)¥.
JIuHBI cBA3€# M yIibl 3TOro KOMILIEKCa YKJIaAbIBAIOTCA B JUANA30H OKUJAEMbIX 3HAYEHUU Ui

BaHaJaTHBIX CTPYKTYp (Shannon, Calvo, 1973a).
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Pucynok 32. KoopauHamuonHoe okpyxkeHne katnonos Cu?* u V°* B kpucTammmueckoit cTpykType
COeMHEHUS 2.

Kpucrammyeckas CTpyKTypa HOBOTO CHHTETHUYECKOro monuMopda Komapcuta [3-
Cu402(VO4)CI (P2/n) comepxur numeps [O2Cus]** 13 okcorenTpupoBaHHbIX TeTpasapos [OCus]®,
KOTOPBIC YK€ HAOJIFOIaIMCh BBIIIC B KPUCTALUTUYECKON CTPYKTYpPE BaHAIMEBOTO aHAJIOTa KOTIAPCHTA.
JHumepst [02Cus]*" 06pasyroTces 3a cyeT 00bEMHEHNS OKCOLEHTPUPOBAHHBIX Mo ApoB [OCU]%
yepes oomue pedpa Cu3-Cu3, Ho Mex Ty cOO0H AMMEPBI COSTUHSIOTCS ¢ TTOMOIIBIO OOIIMX MEITHBIX
BepmiH Cul u Cu2. Tak, okcorleHTpupoBaHHbIe TeTpadapsl [OCUs]®* B kpucTammmyeckoii cTpykType
da3pl 2 TPYNIUPYIOTCS B KOJBIICBBIC NICCTUYICHHBIC KOMILIEKCHI TOXO0XHM 00pa3oM, Kak B
munepaine goiepodanut (Effenberger, 1985) (puc. 33). Takum ciocobom GopMUpYIOTCS IByMEpHBIE
cion [02Cuq]*, koTOpBIE pacHpoCTpaHSAIOTCS B TIOCKOCTH ac. B Tabmume 13 mpuBeneHs!

ME)KaTOMHBIE PACCTOSHUS B KPUCTAUIMUECKON CTPYKType (a3bl 2.

(b) [OCuJ"

& \
Cu1 Cu3

|
ov\
Cu3 Cu3 Cu

__Cu2
—401 e 01

Cu3 Cu3 ICu1 Cu3 Cu3

Cu2

2D layer
[0.CuJ"

Pucynok 33. Oxcorentpupopansslii Tetpasap [O1Cus]®* ¢ ykazaunsivu paccrosausamu O-Cu B A B
KpUCTAJUTMYECKOW CTpyKType (asbl 2 (a). CxemaTudeckas amarpaMMa CBS3HOCTH TETPadIpOB
[O1Cu4]®" uepes obmee pebpo um Bepmmnubl (D). JBymepHsiit cioit [02Cus]**, o6pasosaHHbIit
OKCOIIEHTPHPOBAHHBIMU TeTpasapamu [OCU4]%", 06bemHEHABIME IO 06IIMM pebpaM U BepIIHHAM

(©).
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Taéauna 13. MexaToMHble pacCTOSHHUS B KDHCTAITMYECKOH CTPYKType coenunenus 2 (A).

Cul-02 1.926(1)x2 Cu3-01 1.935(1)

Cul-01 1.962(1)x2 Cu3-01 1.942(1)
Cu3-03 1.941(1)

Cu2-02 1.928(1)x2 Cu3-03 2.425(1)

Cu2-01 1.981(1)x2 Ccu3-Cl 2.383(3)

cu2-Cl 2.629(7)

cu2-Cl 2.875(1) V-03 1.686(1)x2
V-02 1.749(1)x2
01-Cu3 1.936(2)
01-Cu3 1.943(1)
01-Cul 1.962(1)
01-Cu2 1.981(1)

Crnou [02Cu4]**, obpazosannsie aumepamu [O2CUs]** U3 OKCOLEHTPUPOBAHHBIX TETPAdAPOB
[OCus]®*, B cOBOKYMHOCTH ¢ M30IMPOBAHHEIMY BaHaAaTHBIMK TpynmupoBkamu (VOs)> 1 aromamu

XJIOpa MPEICTaBISAIOT COO0M TpeXMEPHBIN KapKac HOBOTro moiuMopda konapeuta (puc. 34).

Pucynok 34. Kpucramueckas crpykrypa coeaunenus 2 (P2/n) Bnoss ocu b (a) u Bnosne ocu a (b)
(KpacHbIe TIOMUYAPHI — OKCOLEHTPHPOBaHHEIE TeTpadapbl [OCU4]®*, cunue monuyape! — BaHaaTHEIE
terpaspsl (VOs)*).

4.2.3 KauvecrBeHHblii xumuueckuii ananan3 konapcuta a-CusO2(VO4)Cl u B-CusO2(VO4)CI

Jns onpeneneHuss Ka4eCTBEHHOTO XHMHUYECKOTO aHalM3a COCOUHEHMH 1 m 2, KpuCTayuibl
uccienyeMbix (a3 ObUTH 3aKpeIuIeHbl Ha JIBYCTOPOHHUH yriepoaHblid ckoTu. KauecTBeHHbIN aHamu3
cocTaBa HccieyeMbIx coeruHeHui 0b1 BeinosHeH B PL] CITOIY «Mukpockomust 1 MUKpOAaHaln3
C TIOMOIIBI0 HACTOJBHOTO CKAaHHPYIOIIErO SJEKTPOHHOTO MuKpockoma Hitachi TM3000,
OCHAIIICHHOTO TPHCTaBKOW sHeprogucnepcuonHoro wmukpoaHanmm3a OXFORD. I'paduueckue
CHEKTPhl M aHAJIUTUYECKHE JaHHbIE ObUIM 0OpabOTAaHBI M MOJYYEHBbI C IOMOIIBIO BCTPOEHHOI'O

nporpammuoro obecrieuenust Hitachi. KauectBenHblit xumudeckuit ananu3 1 u 2 He BBISIBUII IPYTUX
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3JIEMEHTOB ¢ aTOMHBIM HOMepoM Ooibmie 11 (Na), kpome Cl, V, Cu. Pe3ynbTaThl CEeKTpaIbHBIX

aHanmu30B Ut 1 1 2 mpeacTaBieHsl B npuiioxkeHnn 4.2.9.

4.2.4 PamanoBckas cnekTpockonusi a-CusO2(VO4)Cl u B-CusO2(VO4)Cl

PamanoBckue cnexktpel 1 u 2 (puc. 35) Opumn momyudensl B PI CIIOI'Y «I'eomonens» Ha
cnektpomerpe Horiba Jobin-Yvon LabRam HRS800. CpaBHeHue mMoIyu4eHHBIX pPaMaHOBCKHX
CIIEKTPOB, W pacCIpeleICHUE IOJIOC OBUIO BBIMIOJIHEHO B COOTBETCTBHHM C JAHHBIMH HW3BECTHBIX
paMaHOBCKHX CIeKTpoB BanagatoB (Frost et al., 2005; Kawada et al., 2015; Newhouse et al., 2016).
[Tpunoxenue 4.2.10 copepXuT pacnpeaeneHne noioc st 1 u 2, a Takke CpaBHEHHE ¢ PUHTEPUTOM
Cu3[CusO]2(VOs)s (Hughes, Hadidiacos, 1985) u CHHTETHYECKHM aHAJOrOM CTOiOepuTa
[Cus02](VOs)2 (Shannon, Calvo, 1973c). CriekTpbl KOMOWHAIIMOHHOTO PACCESIHUS U MOJIOCHI IS
¢dunHrepura ObuH B3aTHI U3 0a3b1 MaHHBIX RRUFF 110 criekTpockonyu KoMOMHAIIMOHHOTO paccesHus
(RRUFF ID: R070614). Jlns croitbeputa HUCIOIB30BAIMCH 3HAYCHHS I0JIOC, MPE/ICTABICHHBIE B

pabote Uykanosa u Buracunotii (2020).
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Pucynok 35. PamaHOBcKHe CIIEKTPBI, TIOJTy4YeHHBIE s coenuHenuii 1 (a) u 2 (b).
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4.3  Cunrernueckuii anaior ajgeyrura CusO2(VOs)2:(KCl)os

B mporecce BpICOKOTEMIEPAaTYpPHOTO CHHTE3a METOJOM Ta30TPAHCHOPTHBIX PEAKIUU MpU
MakcuMainbHOU Temmeparype 600 °C (rpynma cuHTE30B A) B KBapLEBBIX amilyjaX B 30HE
KPHUCTATU3AIMH OBUTH TOJYYeHbI KpUCTA/UIBI HOBOM cuHTeTHUYECKOU (ha3bl CusO2(V0s)2:(KCl)os,
sBistrorneiicss anamorom aneyruta CusO2(AsO4)(VOs): (Cu,K,Pb,Rb,Cs)Cl (Siidra et al., 2018b;
2019b). IToapoGHOE onKEcaHue SKCIEPUMEHTAIBHBIX CUHHTE30B 110 ToayueHn0 CusO2(V04)2:(KCl)os
npezcrasieHsl B npuinoxennu 4.3.1. B cnenyromux naparpagax OyayT eTaabHO pacCMOTPEHBI

KPpUCTAINIIOXUMHUYECKUE OCOOEHHOCTH JaHHOT'O HOBOI'O COCIMHCHMNA.

4.3.1 Kpucrammmmueckas ctpykrypa CusO2(VO4)2-(KCl)os

MoHokprcTa/l HOBOro  cuHTeTHueckoro anaigora ameytuta Cus02(VO4)2:(KCl)os
(coenunenue 3) ObuT MccnenoBan Ha audpakromerpe Rigaku XtaLAB Synergy. bosee monycdepsi
T(PaKIMOHHBIX JAHHBIX OBIJIO cOOpaHo ¢ ncnosiabp3oBanneM MoKo —n3mydeHns 1 CKaHUPOBAHUS 10
o ¢ marom 0.50° u 20-cekynaHoi skcnosunueil. Kpucraminueckas CTpyKTypa HCCIEIyeMOTo
oOpasma cuHTeTHdeckoi (azpl 3 Obuia yrounena B mporpamme SHELXL B mpocTtpaHcTBeHHOU
rpyrime  C2/m.  Kpucramiorpadgudeckue maHHbIe, MapamMeTpbl YTOYHEHHsS, KOOPIMHATHI U
AHU30TPOMHBIC TApaMETPhl AaTOMHBIX CMEIIEHUN IPUBEIeHBI B prioxkenusx 4.3.3-4.3.5.

B kpucranimmueckoil CTpYKType COCIMHEHHUS 3 COIep)Karcs CHMMETPUYHO HE3aBUCHMBIE
mennbie mo3unuu Cul, Cu2, Cu3, u pasynopsmouennas mosuiust Cud (Cud4A u CudB) (puc. 36).
KoopauHanonHoe OKpyKeHHE TMO3WIMH MeOu B COSAMHEHHH 3 OTMEYaeTcs MIUPOKUM
pasnooOpaszuem. [losunus Cul pacmonaraercss B LIEHTPE OKTadApa, BEPUIMHAMH KOTOPOTO CITYKaT
kucnopoansie mosuiuu 01, 02, 03, 05, O6 u pasynopsaouennas nosunus Cl. TTozurus xmopa CI1A
xapakrtepusyercs 3acenienHocthio (S.0.F.) 0.19, Torna kak s nosunuu ClI1B otmeuaercs S.O.F. =
0.49. Koopaunanmionnoe okpyxenue mozunuu Cu2 cosznarot kucnopoansie nozunuu O1, O4, nBe
no3uruu 05, mozunus O7, Takum o6pa3zom CU2 HaxXOIUTCS B IIEHTPE TPUTOHATHLHOW OUITMPAMHUIBI.
Torna kak mo3utust Cu3 xoopauHUpyeTcs no3unueit kuciopona O1, apyms nozunusmu O3, omHON
04 u O6. Kpome TOro, B OomIMYMe OT KPHUCTAUIMYECKOW CTPYKTYpbl MHHEpaja ajleyTUTa, B
KPUCTAIIMYECKONH CTPYKTYpEe CHHTETHYECKOTO COeAMHEeHHs 3 HaONMIoJaeTcsl pa3ynopsaoueHue B
no3urun  Cu4, Ttak paznuyarorcss CudA ¢ S.OF. = 049 u CudB ¢ S.OF. = 0.25. Dra
pasynopsiiodennas mo3unus CU4A koopauHUpyeTcs IByMs mo3uiusamu 02, neyms no3urusmu O3
U KuciopogHor mosumuedn O8 ¢ o00pa3oBaHMEM TETParoHAIBHOW MHUpaMHUIbL. MeXaTOMHBIC

paccTOsHUS B KPUCTATMUECKON CTPYKTYpe (a3bl 3 mpeacTaBieHbl B Tadnuue 14.



Pucynok 36. KoopauHaimoHHOE OKpyKeHHe KaTmoHoB Cu?*
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IMosumust M (Siidra et al., 2019b) B kpucrautnueckoil crpykrype ¢assl 3 3ansta K,
KOOP/IMHAIIMOHHOE OKPY>KE€HHE KOTOPOrO COCTABJISIFOT MO3UIMM KHCIOpOJa M XJopa ¢ JJIUHAMU
cBaseil, nexamumu B auanasone 2.880-3.533 A. B kpucTaminyeckoll CTPYKType TaKike
NPUCYTCTBYET BaHajueBble nmo3uuuu V1 m V2, pacnonararomiuecss B LHEHTpaxX TETPadApUUYECKUX
BananatHbIX rpymmupoBok (VO4)¥. Tak, V1 koopaurupyercs apyms nosunuamu O3, nosummeii 06
u O7. Illozunusa V2 okpyxena nozunuein O4, neyms nozunusamu OS5 u oxuoit O8. JnuHbl cBs3eit u

Yribl 3TUX KOMIUICKCOB YKIAABIBAKOTCA B OHWAIIA30H OXUAACMBIX 3HAUCHUN 11 BaHAJATHBIX

ctpyktyp (Shannon, Calvo, 1973a).

Tab6auua 14. MexxaTOMHbIE PACCTOSHUS B KPUCTAINYECKON CTPYKTYpEe CUHTETHUECKOTO aleyTUTa

Cus02(VOa4)2-(KCl)os (A).

Cul-02
Cul-01
Cul-05
Cul-03
Cul-06
Cul-CliB
Cul-Cl1A

Cu2-07
Cu2-01
Cu2-04
Cu2-05

Cu3-01
Cu3-06
Cu3-04
Cu3-03

1.908(2) Cu4A-08 1.892(5)
1.927(2) Cu4A-02 1.919(5)
2.010(3) Cu4A-02 1.955(5)
2.032(3) Cu4A-03 2.276(3)x2
2.517(3)
2.625(4) Cu4B-02 1.926(9)
2.688(9) Cu4B-08 1.954(5)
Cu4B-02 1.957(5)
1.882(4) Cu4B-03 2.073(8)
1.913(4) Cu4B-03 2.621(7)
2.010(4)
2.108(3)x2 V1-07 1.645(4)
V1-06 1.713(4)
1.932(4) V1-03 1.766(3)x2
1.958(4)
1.979(4) V2-08 1.675(4)
2.134(3)x2 V2-05 1.731(3)x2

V2-04 1.736(4)

, V** u K' B KkpucTammmueckoit
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01-Cu2
01-Cul
01-Cu3

02-Cul

02-Cud4A
02-CudA
02-Cu4B
02-Cu4B

Kpucrammudeckass cTpyKTypa COCIUHEHHS 3 COJCPKHT KOMILICKCHl OKCOIICHTPUPOBAHHBIX
terpasapoB [OCus]®*. Pasnmuarorcs nsa Tuma TerpasapoB [O1Cus]® m [O2Cu4]®*. Terpasmps
[01Cu4]®" B BepmmHax umeroT aBe mosuumu Meau Cul, ogry Cu2, onay Cu3. OKCOIEHTPHPOBAHHEIE
terpadapsl  [O2Cu4]®* oGpasoBamel nBymMs mnosumusMu CUl M JBYMS pa3symopsgOYeHHBIME
nosurmsvu Cuéd (CudA u Cu4B). JIsa Terpasapa [02Cus]®* o6beauusioTes uepes odiee pedpo Cud-
Cu4 ¢ obpazopanuem numepa [02Cus]**, koTopsie panee 6bumu onucanbl a1 1 u 2. OHAKO, AUMEPBI
B COCIMHEHHH 3 MEXIy COOOH CBA3BIBAIOTCA ¢ MoMmombio Tetpadapsl [O1Cu4]®" uepes obmme
MeZHble BepimHbL Tak, mms Tetpasapa [O1Cu4]® mabmonaeTcs TONBKO BEpIIMHHBINA TUIT CBSI3KH,
Torzaa kak 11s [02Cus]® ocymecTBasroTcs cBa3KM yepes peGpo U MPOTHBONEKAIINE My BEPIIHHBI
(puc. 37b). OObeaMHEHHBIE TaKMM O00pa3o0M OKCOIEHTpHpOBaHHbIe TeTpadapsl [O1Cuy

[O2Cus]®,

1.913(4)
1.927(2)x2
1.932(4)

1.908(2)x2
1.919(5)
1.955(5)
1.926(9)x2
1.957(5)x2

[02Cu4]®" obpasytor amdubonononodusie (Hawthorne, Oberti, 2007) meHTHI

pacmojararomuecs B rMiI0CKOCTH ab.

2D ribbon
[0,CuJ”

Pucynok 37. OxconenTpupoBannbie Terpasapbl [O1Cu4]®* u [02Cus]®* ¢ ykazanHBIME
paccrostausmu O-Cu B A B kpuctammuueckoit crpykrype hasbl 3 (a). CxeMaTHYeCKUe AUArpaMMbI
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cBs3HOCTH TeTpadapa [01Cus]®* uepes obmme Bepmmnbt 1 TeTpasapa [02Cu4]®* uepes obmee pedpo
M rmpoTuBoNexamme emy BepmmHbl (D).  JBymepnas nenta [O2Cus]®*, o6pasoBanHas
OKCOIIEHTpHpOBaHHBIMHU TeTpadapamu [O1Cu4]®* u [02Cu4]®* (c).

Mesxny nentamu [O2Cus]®*, o6pazosanusiMu gumepamu [O2CUs]** U3 okconeHTpHpOBaHHBIX
terpadapos [OCu4]®*, pacnonararorcs usonupopanHbie BanaaaTHbie rpymnuposku (VOs)® u atomel
XJ10pa, GOPMUPYs TEM CaMbIM TPEXMEPHBII HOPUCTHIN KapKac, B KaHAJIaX KOTOPOr0 pacloyararTcs

aTombl Kanwus (puc. 38).

Pucynok 38. Kpucramyeckas crpyktypa ¢assl 3 Baosib ocu C (a) u Broib ocu b (b) (kpacHbie
TIONHYIPBI — OKCOLIEHTPHPOBAHHEIE TeTpadapsl [OCU4]®*, curue monmsaps! — BaHa#aTHEIE TETPAdAPHI
(VO4)*, ceprie mapukn — atomsl K, 3enensie — aromsr Cl).

4.3.2 DHeproaucnepcuoHHbI peHTreHocnekTpaabHblil anaaus (31C) CusO2(VOa4)2:(KCl)os

[ToMrMO KadeCTBEHHOTO XWMHYECKOTO aHaju3a COeAWHEeHHs 3, ocymiecTBieHHoro B PIJ
CIIoI'Y «Mukpockonus 1 MEKPOAHAIIN3» € TIOMOIIBIO0 HACTOIHFHOTO CKAHUPYIOIIETO AIEKTPOHHOTO
mukpockorna Hitachi TM3000 u pe3ynbTaTel KOTOPOTO HPHUBEICHBI B NpwiokeHuu 4.3.6, mis
uccienyemMoil  (aspl  Takke ObUI  BBINOJIHEH  KOJMYECTBEHHBIM  HHEProAMCIEpCHOHHBIN
PEHTTEHOCIIEKTPANbHbIA aHanu3. Tak, MATh KPUCTAUIOB CHHTETHYECKOTO aHajora aiueyTuTa
Cus02(V0Os4)2:(KCl)o5 Ha mOBEPXHOCTH HM3TOTOBJICHHOW IIAWOBI M3 SIMOKCHIHOW CMOJBI OBLIH
MIPOAHAIIM3UPOBAHBI C IIOMOIIBIO0 CKAHUPYIOIIETro MeKTpoHHOro Mukpockorna Hitachi S-3400N B PI]

CIIoI'Y «I'eomonensy. st 31C-ananu3a ucnonp3oBauck cneayrontue cranaaptsl: Cu (Cu), V (V),
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NaCl (ClI), KCI (K).

[To pesynbraTaM CKaHUPYIOMICH JJIEKTPOHHOW MHKPOCKONUU H DHEPrOJUCIICPCHOHHOTO
MHUKPO30HJIOBOTO aHajdu3a ObUIM TMOJYYeHBI 15 CHEKTPOB CYMMapHO IO pa3HBIM ydacTKaM
KPHUCTaJNIOB CHHTETUYECKOTO aneyruta. [1o pe3ynbprataM KOJIMYEeCTBEHHOIO XMUMHUYECKOTO aHAIn3a
(tabn. 15) dopmyny mis daser 3, paccuntannyio mo 11 anmonam (100+1Cl) Ha dhopmyabHYIO
eIMHHMILY, MOKHO 3aIIicarh cleayromuM oopa3oM: Cua9402(V1.0204)2-(Ko.s1Clo.eo).

Ta6auna 15. Xumuueckuii cocTaB CHHTETUYECKOT0 aHayiora aneyruta (mMac.%).

KommnoneHt Mac. % JunanazoH
CuO 62.82 61.23-63.98
V205 29.37 27.64-30.98
K20 4.62 3.95-5.37
Cl 3.93 2.94-4.67
-0=Cl, 0.88

Cymma 99.86

4.3.3 Pamanosckasn cnekrpockonust CusO2(VOs)2:(KCl)os

PamanoBckuii criektp st ¢assl 3 (puc. 39) 6su1 noayuen B PL CIIOI'Y «I'eomoznens» Ha
cnektpomerpe Horiba Jobin-Yvon LabRam HR800. CpaBHeHue mONy4eHHBIX [aHHBIX U
pacnpesielieHle MOJOC OBLIO BBHIMOJHEHO B COOTBETCTBHU C JaHHBIMHU W3BECTHBIX PaMaHOBCKUX
crniekTpoB Banaaaros (Frost et al., 2005; Kawada et al., 2015; Newhouse et al., 2016). TTpunoxenue
4.3.7 conepxuT pacrpeaenenue mosoc pamaHoBckoro crektpa CusO2(V0as)2:(KCl)os u cpaBHeHwMe ¢
¢unrepurom Cus[Cus0]2(VOas)e (Hughes, Hadidiacos, 1985), cunTeTnueckiM aHaIOroM CTOiOepuTa
[Cus02](VOs)2 (Shannon, Calvo, 1973c). CriekTpbl KOMOWHAIIMOHHOTO PACCESIHUS U TOJOCHI IS
¢duHrepura OpuH B3sATHI M3 0a3bl taHHBIX RRUFF 1o cnexTpockonnn KOMOMHAIMOHHOTO PacCesTHUS
(RRUFF ID: R070614). Ins croiibepuTa MCHONB30BATUCH 3HAUCHHS TIOJIOC, TPEICTABICHHBIC B

pabote UykanoBa u Buracunoii (2020).
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Pucynox 39. PamaHOBCKUI CIIEKTP JJII CHHTETUUECKOTO COSAMHEHUS 3.
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4.4  CuHTeTHYeCKMH aHAJOr aBepbeBUTA 0e3 KATHOHOB IIEJOYHBLIX MeETAJLJIOB

Cus02(VOa4)2:(CuCl)

B mporecce BBICOKOTEMIIEPATypHOrO CHHTE3a METOJOM Ta30TPAaHCIOPTHBIX PEaKIUN IMpu
MakcuManbHBIX Temreparypax 600 °C u 650 °C (rpymmbsl cuHTe30B A U B COOTBETCTBEHHO) B
KBapIeBbIX ammyinax Obutn  mosydeHbl  Kpuctauibl  CusO2(VOa)2-(CuCl),  sBisromerocs
cTpykrypHbiM ananorom aBepbeBuTa CusO2(VOs)2-nMClyx (M = Cu, Cs, Rb, K) (Bepracosa u ap.,
1998; KpuBoBuues u 1p., 2015), Ho 0e3 yyacTus JONOIHUTEIbHBIX KATUOHOB I1IE€JI0YHBIX METAJUIOB.
[TogpoOHOE ommcaHue HSKCIEPUMEHTAIbHBIX CHHTE30B 1m0 moaydeHuio  CusO02(V0s)2:(CuCl)
npejcTaBicHbl B npuioxkenud 4.4.1. B cnenyromux maparpadax OyAayT AeTalbHO PACCMOTPEHBI

KPHUCTATNIOXUMHUYCCKUEC OCOOCHHOCTH JaHHOT'O COCIMHCHU .

4.4.1 Kpucramumueckas crpykrypa CusO2(VO4)2:(CuCl)

MOHOKpHCTAIIT TOJYYEHHOTO CTPYKTYPHOTO aHajora aBepheBUTa 0€3 TOMOITHUTEIBHBIX
katuoHOB IemovHbIX MeTauioB CusO2(VO4)2:(CuCl) (coemmuenue 4) ObUT HCCIEAOBAH Ha
mudpakromerpe Bruker «Kappa APEX DUO». Bonee momycdeps! mudpakiinOHHBIX TaHHBIX OBLIO
cobpaHo ¢ ucnoib3oBaHneM MoKa —u3mydeHuss u ckaHupoBaHus mno o c¢ maroMm 0.50° u 40-
CeKyHJHOM skcro3unueld. Kpucramindeckas CTpykTypa HccieqyeMoro o0paslia CUHTETHYECKOU
¢da3er  Obuta yrouneHa B mnporpamme SHELXL B mpoctpanctBenHoit rpymme P-3ml.
Kpucramnorpadpudyeckne maHHBIC, MMapaMeTpbl YTOYHEHHUS, KOOPJMHATHI W aHU3O0TPOITHBIC
napaMeTpbl aTOMHBIX CMEIIEHU NpUBeIeHb! B pUIokeHusx 4.4.3-4.4.5.

KoopanHanust Menu B KpUCTAJUIMYECKOM cTpyKType (a3bl 4 oTnuyaercs no nosumusM, Cul,
Cu2, Cu3. Tak, meap Cul okpyxarot 1Ba aroma O1 u 1Ba aroma O3 Takum 0O6pa3om, 4To 00Opazyercs
TJIOCKOE YETHIPEXYTOJIbHOE CEUYCHHE, B IIEHTPE KOTOPOro MomelnieH MeaHblii atom Cul. Menp B
no3unuu CU2 KOOpPAMHUPYETCS MATHIO aTOMaMu KHclopoja, a uMeHHo onHuM Ol, ogaum O2 u
TpeMss aromamu Kuciopona O3, Tak, 4To oOpa3yercssi MeAb-LIEHTPUPOBAHHAs TPUTOHAJIbHAS
Oounmpamuga. B mupokux KaHajgax MOPHCTOTO Kapkaca pacroiyaratorcs mosurmu Cu3, obOpasys
XJIOpUHBIE KOMITIEKChl. OHAKO, ISl MEIH B 3TOW MO3WIIMH OTMEUYAETCS Pa3ylopsaoueHHe, TakK
Cu3A umeer 3acenennocts S.0O.F. = 0.48, Cu3B xapakrepusyercs 3acenenHoctbio S.O.F. = 0.08.
Koopnunanus BaHagusi B KPUCTAJUIMYECKOM CTPYKTYpE COEAMHEHHs 4 SBISETCS TUIUYHOU JUIs
OONBIIMHCTBA BaHagaTHBIX coeaumuenuit  (Shannon, Calvo, 1973a). Ilo3ummio BaHaaus
KOOPJMHHUPYIOT YeThIpEe aroMa Kuciopona, a mMeHHo Tpu aromMa O3 wu omun O2, obpasys
M30JIMPOBaHHBI  OpTOBaHANATHBIM TeTpa3apuueckuil kommiekc (puc. 40). MexaromHble

pacctosiHus B kpuctamuueckoit cTpykrype CusO2(VOs)2-(CuCl) mpencrasnens! B Tabnuie 16.
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Pucynok 40. KoopauHanuoHHoe okpyx)eHne katnonos Cu?* u V°' B kpucTammueckoil CTpykType
CUHTCTUYCCKOI'O aHajiora aBCPbLCBUTA 663 JOITOJIHUTCIIBHBIX KATHUOHOB IIICJIOYHBIX MECTAJIJIOB
Cus02(VOa4)2-(CuCl) (Kornyakov et al., 2021).

Ta6auna 16. MekaToMHBIE PACCTOSHMS B KPUCTAILTMUECKOH cTpykType basbl 4 (A).

Cul-01 1.887(2)x2 Cu3A-CI2 2.169(7)x2

Cul-03 1.981(6)x2 Cu3B-Cl1 1.872(16)
Cu3B-03 2.210(17)x2

Cu2-02 1.868(11)

Cu2-01 1.924(9) V-02 1.652(10)

Cu2-03 2.095(7)x3 V-03 1.741(7)x3
01-Cul 1.887(2)x3
01-Cu2 1.924(9)

Kpucrammmdyeckyto CTpyKTypy coeAwHEHHS 4 MOXHO pacCMaTpHBaTh B TEPMHHOJIOTHH
OKCOILIGHTPUPOBAHHBIX ~TETPAdJpPOB BBUAY HAIMUUs MPOYHBIX KOpOTKuX cBszeit  O-Cu,
npuHuMaonux 3Hadenus 1.887(2) u  1.924(9) A. OkcoLeHTpHpOBaHHBIE TeTpadAphl B
KPUCTAJUTMYECKON CTPYKTYype 0Opa30BaHBI IMyTeM KOOPAMHAIIMK aTOMOB Kuciopoaa Ol 4eTsippMs
aToMaMH MeIH, KaK TOKa3aHo Ha pucyHke 4la. OxcomeHTpupoBaHHEIE TeTpa’upsl [OCus]®
COEIUHSIOTCSA TIOCPEACTBOM OOIIMX METHBIX BepUINH. TakuM oOpa3om, GOpMUPYIOTCS ABYMEpHbBIE
cion [02CUs]®*, KoTopsle pacmpocTpaHsioTCs B miiockocTH ab. Pacmonoxenne nonos Cu?* B nanrOM
cnoe [02Cus]®" ocymecTBnsercs Mo MOTHBY NpaBUIBHONH CHMMETPHYHON CETKM Karome. Jlis
MOJTOOHBIX CTPYKTYP HEPEIKO OTMEYAIOTCS HMCKIIFOUNTEIbHBIE MarHUTHBIC CBOWCTBA, BBI3BAaHHBIC
00pa3oBaHUEM T€OMETPUUYCCKON (QPYCTPAIMH BCIICACTBIHE OOMEHHBIX MAarHUTHBIX B3aWMOJICHCTBHN

MCXKAY MCIHBIMHU BCPIIMHAMHU TCTPAdAPOB, YTO MNPHUBOJUT K IMPOABJICHUIO B(I)(I)GKTB. CHHHOBOM

xunkoctu (Shores etal., 2005; Zheng et al., 2005; Colman et al., 2011; Yoshida et al., 2013).
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Pucynok 41. OxcouentpupoBansbiii Tetpasp [O1Cu4]®* ¢ ykazanusivu paccrosinusmu O-Cu B A B
KPHUCTAJUITMYECKOW CTPYKType cuHTeTHueckoro ananora aBepbeBUTa Cus02(VO4)2-(CuCl) (a).
CxemaThyecKkas jguarpamMma cBssHocTH TeTpasapa [O1Cus]®* uepes o6mme Bepummsr (b).
JIBymepHsrii crioit [02CUs]®*, 06paszoBanHbIif OKconeHTpupoBaHHEIME TeTpadapamu [O1Cu4]® (c).

Cnou [O2CuUs]®"  OKCOIEHTPMPOBAHHBIX ~TETPAdAPOB  OKPYKAIOTCA  H30JHPOBAHHBIMU
3-

BaHagatHeIMU rpynmupoBkaMu (VOs)® 1o mpuHiuny «rpaHb-k-rpanu» (KpuBosuues, dumatos,
2001). Takum oOpazom, (opmupyeTcs TpeXMepHbI Kapkac. JlaHHBI Kapkac HUMeEeT IIUPOKHE
KaHaJbl, KOTOPBIC BBITATHUBAIOTCS IO HANPABICHUIO OCH C. B KPHUCTAUIMYECKOH CTPYKType
MIPUPOJTHOTO aBEPHEBUTA B HUX PACIIOJIATAIOTCS XJIOPUTHBIC KOMIUICKCHI, @ IMEHHO JIBE KATHOHHBIC
MO3UIMH IIETOYHBIX METAIOB U Menu (M1, M) u omna anwonHas (Cl). KimroueBsiM oTinunem
CUHTETHUYECKOTO COeMUHEHHUS 4 OT MUHepana SBJISETCS TO, YTO B IIMPOKUX KaHalaxX Kapkaca B

CUHTE3UPOBAHHOM COCIMHCHNHN HAXOAATCA XJIOPUAHBIC KOMIIJICKCBI CU+.



PucyHnok 42. Kpucramindyeckas CTpyKTypa CHHTETUYECKOTO COeTMHEeHus 4 B10Jb ocH C (&) U BIOJIb
ocu b (b) (xpacHble MOMMIAPHI — OKCOLEHTpHPOBaHHEIE TeTpadapsl [OCU4]®*, cuame mommampsr —
BAaHAJIaTHBIE TETPadIPhI (VO4)3', ronyople mapuku — mosuimu Cu3, 3enensie — artombel Cl;
BHyTpUKaHaibHbIe o3ui CU3A u Cu3B nokaszaHsl ynopsI0ueHHO JUIsl SCHOCTH).

4.4.2 DHeproaucrnepcuoHHbIi peHTreHocnekTpanabhblii anaau3 (3C) CusO2(VOa)2-(CuCl)

Uerblpe KpucTalia CHUHTETUYECKOTO COEAMHEHUs 4, COXpaHUBILIHUECS IOCJIE MPOLETypH
M3TOTOBJICHUSI IIali0bl U €€ IMOJIMPOBKHU, ObUIM NMPOAHATU3UPOBAHBI C MOMOIIbIO CKaHUPYIOLIETO
anekTponHoro mukpockona Hitachi S-3400N. [Ing 3/IC-aHanu3a HMCHOIB30BATUCH CIEIYIOLIHE
crauaapter: Cu (Cu), V (V), NaCl (ClI).

[To pesynpTaTamM CKaHMpYIOIIEH SJIEKTPOHHONH MHUKPOCKOMHH W 3HEPrOAMCIIEPCHOHHOTO
MUKPO30HJIOBOTO aHaju3a ObulM MoiydeHbl 20 CIEeKTpPOB CYMMapHO IO pa3HBIM y4yacTKaMm
kpuctaimoB. [lo pe3ynabTaraM KOJIMYECTBEHHOTO XMMHYECKOro aHanuza (tabm. 17) dopmyny mns
¢a3el 4, paccuMTaHHYIO Ha 8 KaTHOHOB Ha (OPMYJIBHYIO €IUHHILY, MOKHO 3allUcaTh CJIETyIOLIIIM
ob6pazom: Cus.0102(V0.99804)2-(Cu1.05Cl1.0s) (Ginga et al., 2022Db).

Ta6auna 17. Xumudeckuii COCTaB CHHTETUYECKOTO aHAJIOTa aBepheBuTa (Mac.%).

KomrmoneHt Mac. % Jwnanazon
Cu0 10.81
CuO 5734 66.21-70.99
V205 26.12 25.13-19.85
Cl 5.36 4.32-6.19
-0=Cl, 1.21

Cymma 98.42
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4.4.3 PamanoBckas cnekrpockonust CusO2(VO4)2-(CuCl)

PamanoBckuii cnektp it $asel 4 (puc. 43a) 6but monyder B PLI CIIOI'Y «I'eomomenby Ha
cnektpomerpe Horiba Jobin-Yvon LabRam HR800. CpaBHeHnue ObLIO HMpOHM3BEACHO MO JAAHHBIM
M3BECTHBIX PAMAaHOBCKHX CIIeKTpoB BaHagaToB (Frost et al., 2005; Kawada et al., 2015; Newhouse et
al., 2016). Ilpunoxenue 4.4.7 COAEpKHUT paclnpeueieHnue IOJ0C COeTUHEHUs 4, CpaBHEHHE C
¢unrepurom Cuz[CusO]2(VO4)s (Hughes, Hadidiacos, 1985) u CHHTETHYECKUM aHaJIOrOM
croibepura [Cus02](VO4)2 (Shannon, Calvo, 1973c¢), a Takke ¢ coequHeHneM 5 U3 1aHHOM pabOTHI.
CriekTpbl KOMOMHAIIMOHHOTO PACCESIHUS U TIOJIOCHI [T (pUHTepuTa OBLIM B3SATHI U3 0a3bl JTaHHBIX
RRUFF no cniektpockonuu komouHanronHoro paccesuus (RRUFF ID: R070614). lns croiibepura

MCIIOJIb30BAJIMCH 3HAUYCHUS TI0JI0C, TIPEICTaBICHHbIE B paboTe UykanoBa u Buracunoii (2020).

Averievite Cu,0,(VO,),(CuCl)

(@)

—_—

(b) Yaroshevskite Cu,0,(VO,),Cl,

WMHTeHcuBHOCTD (arb. units)

(c)

Fingerite Cu,,0,(VO,),

200 400 600 800 1000 1200
BonHoBsoe uucrio (cM")

Pucynok 43. PamanoBckuii criektp it 4 u 5 (&, b) B cpaBHeHMH ¢ paMaHOBCKHM CIIEKTPOM
¢unrepurta Cu1102(V0O4)s (RRUFF ID: R070614) (Ginga et al., 2022b).

4.4.4 BbicokoTeMNepaTypHoe TMoOBedeHHE W TeH30p KOI(PPUIHEHTOB TEPMHUYECKOT0

pacmmpenusi CusO2(VO4)2-(CuCl)

[Ipu wuccnenoBaHWU BBICOKOTEMIIEPATYPHOIO TMOBEAECHUS CHHTETHYECKOIO aBEphEeBUTA
Cus02(VOg4)2-(CuCl), B quanazone temmepatyp ot 25 °C mo 800 °C mudpakrorpamMma yka3blBaeT Ha
u3MeHeHue Ga3zoBoro cocrasa npoOsl (puc. 44). Bbuto BIIENIEHO TPU TEMIIEPAaTypHBIX WHTEpBAa,
OTJIIMYAIOIIMXCS IPYT OT Jpyra cocTaBoM ¢a3. Bo BceM auana3zone temneparyp HaOIH0AaIUCh KU

Pt (MaTepuan Mo yI0kKKH), YTO HUCIOIB3YIOT B Ka4eCTBE KaTuOpoBOYHOro cranmapta (Schroeder et
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al., 1972). Coenunenue 4 ycroiturso g0 500 °C (I), 3aTeM HauMHAETCS TPEBPAICHHE, CBA3aHHOE C
UCTIAPEHHUEM JIETYYEro XJIOpUAA MEIU. DTH U3MEHEHHUS MPUBOIAT K 00Pa30BaHUI0 CHHTETHYECKOTO
anazora croiioepura CusO2(VOs4)2 (Shannon, Calvo, 1973c). Tak, B mepBoM Juana3zoHe TeMIIEpaTyp
(I) ot 25 1o 500 °C nabnrogarorcs TonbKo peduiekcsl ¢asbl 4. B temneparypuom untepsaie 500 °C
- 530 °C (II) coemunenue 4 nmocrenenno npespaiaercs B Cus02(V04)2. Kpome Toro, B nnTepBae
480 °C - 530 °C na nudppakrorpaMme OTMEYAeTCs MUK HeHIEeHTHU(GUIMPOBaHHON (a3sl mpu 20 =
44.94°, aT0 MOXET yKa3bpIBaTh Ha TpaHChopMaImio ucxoaHoro coeaunenus 4. Beime 540°C (I11)
HaOJr0MaeTcsl TONbKO cuHTeTndeckuii aHanor croibeputa CusO2(V0s)2, KOTOPHIH KOHIPYIHTHO
IUTABUTCS B KOHIIE dKcriepumenTa rpu 780°C, Ha 4TO yka3bIBaeT pa3MbITHE TUGPAKIIMOHHBIX TUKOB
U yBenuueHue (oHa. /lmarHocTuka OCTHIBIICH MPOOBI MOCIE OXJIAXKACHUS IMMOKa3ana, YyTo 4depHas

KpHUCTa/THuecKas «kopka» Ha Pt-iotoxke, coorBerctByeT CusO2(VOa4)2 (Shannon, Calvo, 1973c).
Pt

III. “Stoiberite” Cu,0,(VO,),

II. “Stoiberite” Cu,0,(VO,),
“Averievite” Cu,0,(VO,),(CuCl) i

Pucynox 44. TpexmepHas Au@pakiMOHHAs KapTHHA, COJEpKalllasi BCE pEHTT€HOTpaMMbl HCXOHON
da3er 4 npu 20 8-95° mpu mnosblmieHuM Temmeparypbl. Cepblif IIBET CBS3aH C HCXOJHBIM
Cus02(VO4)2:(CuCl), a kpacusiii — ¢ mnpoaykroMm ero pasioxenns CusO2(VOas)z. Ha BcraBkax
npezcTaBieHbl GpoTorpaduu obpasia 4 1o u nocie ananusa (Ginga et al., 2022b).

B nmanazone Ttemmepatryp 25-500 °C Oblma paccMOTpeHa TeMIepaTypHas 3aBUCHMOCTD
napaMeTpoB d3JeMEeHTapHOi sueliku 4. Kak mapameTpbl 3JIeMEHTApHOM sS4YeWKH, Tak M 00beM
coeuHEeHUs 4 N3MEHSI0TCS OTHOCUTEINILHO IIJIaBHO C pOCTOM TemriepaTypbl. C pocToM TemrepaTyphl
BO3pacTaHue apaMeTpa a MEHee BhIPaXKEeHO, TOT/1a Kak MapaMeTp ¢ U3MEHsieTcs 00jiee HHTEHCUBHO.
OOwem sreMeHTapHON sueiiku 4 yBenmuuMBaeTcsl JUHEWHO ¢ Temneparypoil. Ha pucynke 45
IPEJICTaBIEHbBl  TEMIEpPAaTypHblE  3aBUCUMOCTH  IIApaMETPOB  DJJIEMEHTAPHOM  slUEHKHU
Cus02(V0O4)2:(CuCl) (4) B untepBane 25-500°C. TermmoBoe paciidpeHHe COCAMHEHHUS 4 MOYKHO
OINKUCATh CUCTEMOW YPaBHEHUN:

a(T) = 6.39556(3) — 0.0069(2)-103-T + 0.0652(5)-107°- 72
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C(T) = 8.35969(4) + 0.0694(1)- 107 T ©)
V(T) = 295.8634(1) + 4.8679(1)-10°3-T
a (A) [ T T T T T T T T T T ]
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Pucynok 45. TemneparypHble 3aBUCHIMOCTH MTapaMeTpoB U 00beMa IeMEHTApHOU stueiku a7 4 B
nuamnasone 25 — 500 °C.

C ucnonp3zoBaHreM KOAIPGUIUEHTOB YpaBHEHHM TeMIiepaTypHOW 3aBUCHMOCTHU MapaMeTpoB
pElIeTKH BBIYMCIICHBI TJaBHBIE 3HAYEHHUS TEH30pa TEPMHUYECKOTO pacHIMpeHus, Kod()PUIMEeHTHI
pacuIMpeHust BIOJIb KPUCTAJUIOTpapUUecCKUX Ocell U OPUEHTHPOBKA OCell TeH30pa OTHOCUTEIHHO
KpucTaiorpaguyeckux ocei s coeauHeHuss 4 B wuHTepBaie Temmeparyp 25-500°C. B
npuioxennn 4.4.8 mpeacTaBiaeHbl 3HaueHUS KOA((QUIMEHTOB TEPMUYECKOIO PpacCIIMpEeHUs
CUHTETMUYECKOTO  aBepbeBUTAa 0€3  JIOTOJHUTEIbHBIX  KATHOHOB  MIEJIOYHBIX  METaJlJIOB.
KoaddurnmenTsr TeroBoro pacuuperus Gpasbl 4 U3MEHSIOTCS C YBEIMUYCHUEM CTEIIEHH U30TPOTTHU
TEIUIOBOTO paciiupenus npu temmeparypax 25 °C — 500 °C. ®durypa ko3(h(HUIUEHTOB TEIIOBOTO

pacIIupeHtsl U KPUCTAJUIMYECKAsl CTPYKTypa 4 B CpaBHEHUM JIPYT C IPYrOM IIOKa3aHbl HA PUCYHKE

46.
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Pucynok 46. OOume mpoeKIUH KPUCTAUIMYECKOH CTPYKTypsl 4 Bmonb oceit ¢ u b (kpachbie
noMuAApHI - TeTpasapsl [OCus]®, cunme mommsaps - Terpasapst (VO4)*, cunme 1 3eIeHble MAapUKn
- BHyTpukaHanbHble Cu u Cl, coorBeTcTBeHHO). CripaBa BHU3Y NpUBEAEHbI GUTYpHI KO3 PULIneHTOB
teroBoro pacmupenus st 100 °C, 200 °C, 300 °C, 400 °C u 480 °C.

B untepBane temmneparyp 25-500°C makcumanbHOE paciidpeHue 4 NpOosBISETCS MEXIy
cnosmu [02Cus]®* BOOME Oocu ¢, YTO OXKHAAEMO ISl CIOUCTOH CTPYKTYphI (OCh TEH30pa 033,
npwiokenue 4.4.8). Pacumpenne B IUIOCKOCTH ab MIECTHYTOJBHBIX Kojien ciadee (011 W 022,
nocienHee cosmagaer ¢ oceio b). CusO2(VOs)2-(CuCl) B HauanmbHOM HHTEpBalie TeMIIEpaTyp
pacumpsiercs anu3oTponHo (mpu 100 °C: a1z = az2 = 0.96(2)x10® °C™* u azz = 8.30(2)x10° °C™).
Jlanee c noBbIlIeHUEM TeMIIEPaTyphl KO UITMEHTHI TEIIOBOTO PACIIMPEHUS CTAHOBATCS OJM3KUMHU
110 3HAYEHHIO, PACIINPEHHe CTAHOBUTCS TTOYTH M30TporHbM (mpr 500 °C: 011 = o2z = 8.69(4)x107®
°Clm azz=8.27(2)x10° °C™?), B cBa3M ¢ weMm uTypa KOIPPUINEHTOB TEPMIHIECKOTO PACIIUPEHHS
npuOIIMKaeTCsl K CHMMETPUYHOM chepuyeckoit popme (puc. 46).

Tepmuueckoe pasiiokeHue 4 MOXXHO (pOpPMaIbHO OMUCATH MPOCTHIM YPaBHEHHEM:

Cus02(VOs)2-(CuCl) — Cus02(VOs), + CuCIT (8)
[Tpu sTom nasnenue napos CuCl npu Temneparype pas3ioKeHUs 3aMeTHO, HO OTHOCUTENIbHO HU3KOE,
a uMeHHO 0koJ10 0.66 MM pt.cT. (Yaws, 1995). JIpyrum moOOYHBIM MPOIECCOM SBIISICTCS YaCTUYHBII
ruaponn3 u okucienne CuCl mo CuO, koropsii, cornacHo ¢azoBoit quarpamme CuO — V20s, He
B3aumozeictByer ¢ CusO2(V0O4)2 (Dabrowska, Filipek, 2008). [Ipu Takux HU3KUX TeMIlepaTypax

KpUCTATNIMYHOCTL TOJIBKO YTO 06pa303a13mer0c;1 OKCuga ME€IHU MOXCT OBITH HHSKOﬁ; n3-3a CTOJIb
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HHU3KOI'o COACPIXKAaHUA OH MOI' OCTAaThbCA HE3aMCYCHHBIM, TaK Kak Ha6J'IIOI[aeTC$I CYHICCTBCHHOC

HepeKphITHE caMbIX CHITbHBIX pediiekcoB CuO u cpenne-cuiibHBIX peduiekcoB CusO2(V0s):2.

45  Cunrerndeckuii anajor sipomeBckuTa CugO2(VO4)4Cl2

B mporecce BBICOKOTEMIIEPATYpPHOTO CHHTE32 METOJOM Ta30TPAHCIIOPTHBIX PEaKIUi Tpu
MakcuManbHbIX Temreparypax 600 °C u 650 °C (rpymnmbsl cuHTe30B A U B COOTBETCTBEHHO) B
KBapIeBbIX amiyiax Obutn monydensl Kpuctamisl CugO2(V04)4Cly, sBasromerocss CHHTETHYECKHM
anamoroM sporreBckuta CugO2(V04)4Clo (Pekov et al., 2012a; 2013d). IToapoGHoe omucanHme
OKCIEPUMCHTOB 110 TOJIYUCHHIO CHHTeTHYecKoro adamora sipomieBckuta CugO2(V04)4Cl2
npezcrasieHsl B npuinoxennn 4.5.1. B cnenyromux maparpagax OyayT IeTadbHO pacCMOTPEHBI

KpUCTAJUIOXUMHUYCCKHUC 0COOEHHOCTH JaHHOI'O COCAUMHCHMA.

45.1 Kpucramm4veckasi crpykrypa CugO2(V04)4Cl2

MoOHOKpHCTAIUT TOJIYYEHHOTO CHHTeTHYecKoro auajora spomeBckuta CugO2(V0a4)4Cl2
(coenunenue 5) Obi1 uccnenoBan Ha audpakromerpe Bruker «Kappa APEX DUO». bonee
noaycgepbl TUPPAKLIUOHHBIX JaHHBIX ObLIO cOOpaHO C ucnojib3zoBaHueM MoKa — usnyueHus u
ckarupoBanus o ® ¢ marom 0.50° u 50-cexynanon skcno3unmend. Kpucrammmdeckas CTpykTypa
UCClIeyeMoro obOpasuna cuHTeThyeckol ¢as3sl 5 Obuta yrouHeHa B nporpamme SHELXL B
npoctpaHcTBeHHOW rpynne P-1. Kpucramnorpapuueckue gaHHbIe, MapaMeTpbl YTOYHEHUS,
KOOPJIMHATBI U aHU30TPOIHBIE TapaMEeTPhl AaTOMHBIX CMEILIEHUH MPUBEIEHBI B MPUIIOKEHUIX 4.5.3-
4.5.5. MexatoMuble paccTosiHus (A) B KpucTanmueckoil CTpyKType coeMHeHHs 5 TIpecTaBIeHb!
B Tabnune 18.

Ta6auna 18. J[uHb! cBa3eil B KpUCTALIMYECKOl cTpykType coenunenus 5 (A) (Siidra et al., 2020).

Cul-08 1.906(3)  Cu5-07 1.922(3)x2

Cul-06 1.910(3)  Cu5-06 1.999(3)x2

Cu1-05 1.954(3)  Cu5-Cl1 2.938(1)

Cul-07 1.972(3)

Cu1-05 2571(1)  Cu6A-0O9 1.875(3)x2
Cu6A-04 2.048(3)x2

Cu2-01 1.940(3)

Cu2-03 1.967(3)  Cu6B-Cll 2.044(13)

Cu2-02 1.967(3)  Cu6B-09 2.065(14)

Cu2-03 2.047(3)  Cu6B-04 2.142(14)

Cu2-Cl1 2566(2)  Cu6B-09 2.824(1)

Cu3-07 1.915(3)

Cu3-02 1.926(3)  V1-05 1.669(3)

Cu3-09 1.044(3)  V1-04 1.738(3)

Cu3-04 1.992(3)  V1-03 1.748(3)
V1-02 1.765(3)

Cu4-07 1.916(3)x2

Cu4-08 1.993(3)x2  V2-01 1.656(3)

Cu4-Cl1 2.915(1)x2  V2-08 1.717(3)
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V2-06 1.730(3)
V2-09 1.757(3)
07-Cu3 1.915(3)
07-Cud 1.916(3)
07-Cu5 1.922(3)
07-Cul 1.972(3)

B kpucramimyeckol CTPYKType COEIMHEHHUS 5 NPUCYTCTBYIOT IIECTh HE 3KBUBAJIECHTHBIX
no3uiuii meau Cul, Cu2, Cu3, Cu4, Cub, Cu6A, Cu6B (Siidra et al., 2020). Atomsr meau Cul, Cu3,
Cu5 yuactByloT B KoopauHamuum aroma kuciaopoma O7, Takum oOpasom  dopmupys
OKCOLIEHTpUpOBaHHEe TeTpadapsl [OCU4]%*. OcTanpHble TO3MIMM MemW HE YYacTBYIOT B
KOOpJMHAIIMYA aTOMOB KHCIIOPOAA, SIBJSSICH IPU TOM IIEHTPaMU Me/Ib-IIEHTPUPOBAHHBIX MOJIUAIPOB.
[Tosumus Cul pacmonaraercst B neHTpe [4+1]-TerparoHanbHON MUPaMUAbI, BEPUIMHAMU KOTOPOU
ciyxkat kucnoponusie nosumuu 06, O7, O8 u ase OS5. [ozunmst meaun CU2 okpykeHa YETHIPbMS
aToMaMu Kuciaopozaa, a MMeHHO ogHuM O1, ognum atomom O2 u aByms atomamu O3, ¢ AjaMHaMu
cBsseit Cu-O B mpenenax 1.941- 2.047 A. Ilomumo sToro B okpysxkenun CU2 NpUHMMAET ydacTue
arom Cl1, ynanennsiit or Cu2 Ha paccrosuue 2.566 A (puc. 47), Takum 06pazoM KOOpAMHAIIHOHHOM
reomerpueir Cu2 sBisercss [4+1]-uckakeHHass TerparoHanbHas nupamunga. [losumms Cu3
XapaKTepu3yeTcs IIOCKO-KBaJpaTHOW KoopAauHauuen aromamu kuciopona 02, O4, O7 u O9.
[To3uuuu Cu4 u CuS KOOpAMHUPYIOTCS YETBIPHMS aTOMaMH KUCJIOPOJia U IByMs aTOMaMH XJIopa ¢
obpaszoBanuem [4+2] BeITaHYTHIX 0KTadApoB Cu404Clo u Cus5O04Clo.

CTOUT OTMETUTH, YTO CTPYKTYPHBIM (DaKTOp CXOAMMOCTH CHHTETHUYECKOTO SPOLIEBCKUTA
MeHbllle, yeM y mnpupojgHoro. CoennHeHHE 5 OTIMYaeTcs OT MMHEpaja pa3ylnopsJOoYeHHEM B
no3uuuu Cu6, 4yTo CKOpee BCEro M MOBIMAIO Ha Ooibinyio BenMuuHy R dakrtopa munepana. He
UCKJIIOYaeTCs MPEANOI0KEHHE, YTO JIaHHOE pazyHopsAOUYeHHE SIBISIETCS O0COOEHHOCTbIO MMEHHO
CUHTETHUYECKOTO coenuHeHus 5. B kpucrammmdeckoil crpykrype 5 mosunus mequ CUGA mmeer
3acenennocth S.O.F. = 0.92, rorma xak arom Cu6B otrseuaer 3acenennoctu S.O.F. = 0.04. Mens B
nosunuu CUBA okpyxkeHa aByMs atomamu O4 u gBymst atomamu O9 ¢ jmiHamu cBsseit 1.874 A u
2.048 A, coorBercTBenHo. Takum o6pazom, CUBA pacronaraeTcs B IEHTPE HCKAKEHHOTO TIIOCKOTO
KBAQJIPAaTHOTO cedeHHus. AToM Memu B mosuiuu CU6B wmeer ormimunyro ot mo3uriuu CUGA
KoopauHaiuio. Tak, B okpyxeHuu aroma CU6B mpunumatot ydactue oaus atom O4, nsa atoma 09
C IIMHAMH CBsi3eii B quanasone 3Hadenuii 2.065- 2.823 A, 3apepiaer koopaunanuio CU6B nosuuus
Cl1, Haxopmsmiasicst OT MEHOTO LIeHTpa Ha paccTosiHuu 2.044 A (puc. 47).

Koopaunanust BaHaausi B KpUCTAIIMYECKON CTPYKType (a3bl 5 XapakTepHa M THIHYHA IS
BCceX BaHamaTHbIX coemuHenuit (Shannon, Calvo, 1973a). Tak, mosunmu Banamus V1 u V2

KOOPJMHHUPYIOTCSI YETHIPbMSI aTOMaMU KHCIIOpO/ia ¢ 00pa3oBaHWEM HM30JHPOBAHHBIX (OCTPOBHBIX)
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opToBaHamaTHEIX TeTpa’poB (VO4)¥ . JInunsl cBA3eii B BAHANATHBIX TETPAdAPaXx JIEXKaT B INATIA30HE

1.655 A -1.765 A (puc. 47).

Cl1
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02 1967 1 2.04

Y Cu2 03

Pucynok 47. KoopauHanmoHHoe OKpykeHHe KaTnoHoB CU®" n V' B kpucTamimdeckoil CTpykType
coeaunenus 5 (Siidra et al., 2020).

OxcorlenTpupoBanHble TeTpadapbl [OCU4]®* B kpuctanmmueckoit cTpykType coemuHeHus 5
O00BEIMHSIOTCST IPYT C JApYyroM dYepe3 odmre memHbie BepmuHbl Cu4 m CuS, takum crocobom
couneneHns oopasys oqHoMepHsie nernouku [02Cus]®", BerrsamyTHIE BIOTE OcH a (puc. 48). Llenoukn
[02Cus]®" mpencTaBnsior coboif pasobuieHHbIe (GparMEeHTH TPABUILHOW CHMMETPUYHON CETKH

KaroMe, peaTH30BaHHON B aBepheBHTOBHIX crosax [02Cus]®* (puc.51).

(b) [OCu,]”
Cu3
Cu3 Cu1
Cu4>‘QZ
: Cub ‘ 07 Cub
] Cu1
Loea 1D chain Cu3
[0.Cu,]”

Pucynok 48. Okconentpupopannbiit Terpasap [OCus]®* ¢ ykasannbivu paccrosuusimu O-Cu B A B
KPHCTAJUIMYECKOW CTPYKType coeanHeHus 5 (a). CxemaTHyeckas quarpaMMa CBS3HOCTH TETpadipa
[O7Cu4]®" uepes o6mme Bepmmabl (D). OmHomepras nemouka [O2Cus]®’, o6pazoBannas
OKCOIIEHTPHPOBAHHBIMHU TeTpasapamu [O7Cus]® (c).

[emouku [OzCu6]8+ W3 OKCOIICHTPUPOBAHHBIX TETPAdIPOB BMECTE C OPTOBAHATATHBIMH
KOMILJIEKCAaMH (VO4)3', JOITOJHHUTEIBHBIMU MO3UIIUSIMA MEIH, HE BXOMAIIUX B OKCOKOMIUIEKCHI, a

TakKe aToMaMu XJiopa o0pa3yroT TpexMepHblid kapkac (puc. 49). Tak, crpykrypHas dopmyna
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coefrHEeHus 5 MokeT ObITh 3anucana ciaenyonmm oopazom Cus[CusO2](V04)4Clz, rae orpakaercs
HaJMYMe U POJb  OKCOIICHTPHPOBAHHBIX KOMIUICKCOB B KPUCTAUIMYECKOH CTPYKType
CugO2(V0O4)4Cl (Siidra et al., 2020). [TomumMo 3TOro, KPUCTALTHYECKYIO CTPYKTYPY COCIHMHEHHS 5
MOHO PacCMOTPETh B KATHOHOIIEHTPUPOBAHHOM IMPECTABICHHUH, IJIe KapKac 00pa3yroT HEMOYKH
13 IJIOCKO-KBaJIpaTHBIX ceueHui ¢ enTpamu Cu2, Cu3 u CubA, a Takxe CIIOXKHbIE TOPPUPOBAHHbBIC

ciou u3 noaudapos Cul, Cu4 u CuS (puc. 50).

Pucynok 49. Kpucramnuyeckas CTpyKTypa COeqUHEHUs 5 BIOJb ocell b u a, mpeacraBieHHas ¢
MOMOIIbI0 KATHOHOLIEHTPUPOBAHHBIX M OKCOLEHTPUPOBAHHBIX IOJU3JIPOB (CHHHE - TETPadAphl

(VO4)*, rony6sie - CU-IIeHTpHPOBAHHbIE MOJHAPHI, KPACHBIE - OKCOLEHTPHPOBAHHbIE TETPAdIPhI
[OCu4]®) (Siidra et al., 2020).



Pucynok 50. MenHo-okcuanbiii kapkac B CugO2(V04)4Cl2 (a). Kapkac MoxeT ObITh paszerneH Ha
nenu (b), oopazoBannbie Cu2-, Cu3- u CubA-neHTpupOBaHHBIMU KBaJ[paTaMHy, U Ha CIOXKHBIE CIION
(c), obpazoBanHble Cul-, Cu4- u CuS-ueHTpPUPOBAaHHBIMH KBaJpaTaMH U HCKaXECHHBIMU
TeTparoHaJbHBIMU TUpamMuaaMu. [lo3unmun Cu6B ¢ HU3KMM ypOBHEM 3aHSTOCTH UIS SICHOCTH HE
nokasansl (Siidra et al., 2020).

Takum 00pazoM, pacCMOTPEB KPUCTATUNIOXMMUYECKUE OCOOCHHOCTH BCEX MOJTYYCHHBIX HOBBIX
coemmHeHnd  1-5, MOXHO  NpOaHAIM3MPOBATh  Pa3iM4YHBIE  CIOCOOBI  MOJMMEPH3ALUH
OKCOLIEHTPUPOBAHHEIX TeTpadapoB [OCu4]®" (puc. 51). Tak, eammmumbii Terpasap [OCus]®* ¢
TIOMOTITBIO CBSI3KH TI0 IBYM MEIHBIM BEpIIMHAM JIEKHT B OCHOBE 0HOMepHOoit 1 D-miemoukn [O2Cug]®*
B kpuctautinueckoit ctpykrype CugO2(V04)4Cl2, a ipu cBs3Ke 10 TPeM MEHBIM BEpIIMHAM ClIaraet
BEICOKOCHMMETPHUHBIE JBYMepHbIe crnoucTsie 2D-xommaexcsl [O2Cus]®* B CusO2(VO4)2:(CuCl),
OTBEYAIOIIME YIOPSAOYEHHOCTH Karome. B ciryuae, korja jJBa OKCOLIGHTPHPOBAHHBIX TETPadapa
[OCu4]®" ob6bemmusIOTCS TOCpencTBoM obmero pebpa ¢ obpasoBanmem jgumepa [O2Cus]*,
HAOJIOAFOTCS  KOMIUIEKCHl Pa3IMYHON pPa3MEPHOCTH B KPHCTAUIMYECKUX CTPYKTypax o-
Cus02(VO4)Cl, B-CusO2(VO4)Cl, CusO2(VO4)2:(KCl)os. Tak, oObeqMHEHHBIC TIO IABYM OOIIUM
pebpam [OCU4]®* 06pasyror oaHoMepHyto 1D-nenouky [02Cus]** B 0-CusO2(VO4)Cl. Casska 1o
OJTHOMY peOpy U MPOTUBOJISIKAIINM MY ABYM BEPIIMHAM ITPHBOIMT K MOBBIIICHUIO Pa3MEPHOCTH JI0
2D-cos  [O2Cus]* B  kpucrammmueckoit  crpykrype P-CusO2(VO4)Cl. Tlpu coueranum
OKCOIICHTPUPOBAHHBIX TETPA3APOB C PA3IMYHBIMU MEXaHW3MaMHU CBSI3KH, a UMEHHO TETpaj’/pa co

CBSI3KOH IO JIByM MEJHBIM BEpLIMHAM, HAOIIOAaeMOM B COEAMHEHUH S, U TETPadpa cO CBSA3KOH MO
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pebpy ¥ MPOTHUBOJISKAIUM €My BEPIIMHAM, ONTMCAHHOM /I COeNMHEHHS 2, oOpazyercsa 2D-nenra
[02Cus]®*, koTopas mabmonaercs B xpuctammmueckoii crpykrype CusO2(VOs)2-(KCl)os. Takum
o0pa3oMm, pa3HOOOpasWe KpPUCTAUIMYECKHX  CTPYKTYp  MHHEPAJIOMOAOOHBIX  COCITUHCHUIN
OKCOBAHAIaT-XJIOPUIOB ME/IM ONPEICIISACTC MEXaHU3MaMHU MTOJMMEPU3aI[H OKCOIICHTPUPOBAHHBIX
terpasapoB [OCu4]®", uto HarmsamHO Mokaszano Ha mpumepe a-CusO2(VO4)Cl u B-CusO2(VO4)CI

CHHTCTHYCCKHX COGHHHCHHﬁ.

A A ANMN A A

[07Cu,)” [O1Cu]” [01Cu,]” [02Cu]” [01Cu,]” [01Cu,]”

> >« V‘,

1D chain 1D chain 2D ribbon 2D layer 2D layer
[0.Cu,J” [0.CuJ" [O.Cu]” [0.Cu]” [0.Cu,]”
Cu,0,(VO,).Cl, a-Cu OZ(VO,)CI Cu,0,(VO,),(KClI), B-Cu,0,(VO,)CI Cu,0,(VO,),(CuCl)

Pucynok 51. CpaBHeHHE KOMILIEKCOB OKCOIIEHTPHPOBAHHBIX TeTpadpoB [OCU4]®" B coenmnenmsax
1-5, momy4yeHHBIX B paMmKax JaHHOH pabotel B cucreme CuO-V20s5-CuCly. Coenuuenust
PacIIoIOKEHBI B IOPSIKE BO3pAcTaHUS pa3MEPHOCTH KOMILIEKCOB. B OCHOBE OKCOLIEHTPHUPOBAHHBIX
KOMILIEKCOB coemuHenuii 1, 2 u 3 nexar mumepsl [02Cus]**. B coenunennu 1 onun o6pasyror 1D
IIENOYKH, B COETMHEHHH 2 IUMepPHI y4acTBYIOT B oopaszosaruu 2D cioes [0,Cus]**, a B coequuennn
3 aumepsl obpazyror 2D ments [OCus]®*. B camMoM HM3KOCHMMETPHYHOM COEIMHEHHH 5
HabmonaioTcs oqaomeprsie 1D nenoukn [O2Cus]®", spnsromuecs TounsivMu pparmentamu 2D croes
[02Cus]®* B coenmnenny 4.

4.5.2 DHeproaucrnepcuoHHbIH peHTreHocnekTpaiabhbiii anamn3s (3JC) CusO2(V0O4)4Cl2

Tpu kpucTaimia CHHTETHYECKOTO COEIMHEHHMS O, COXpAaHHUBIIMECS TIOCIE MPOLEIypH
W3TOTOBJICHHS MIAHOBI W €€ TOCIEAYIONIe TOTMPOBKH, OBUIM MPOAaHATU3UPOBAHBI C TTOMOIIBIO
CKaHHUpYIoLIero 31ekTpoHHoro mukpockona Hitachi S-3400N. ns 3/1C-ananu3a ucnoib30BalliCh
cienyronue ctanaaptel: Cu (Cu), V (V), NaCl (Cl).

[To pe3symbraTam CKaHHPYIOLIEH 3JIEKTPOHHOW MHKPOCKONUH U 3SHEProAMCIEPCHOHHOTO
MHUKPO30HIOBOTO aHajM3a OBLUIM TIOJydeHBl 15 CIEKTPOB CyMMapHO IO pa3HbIM YyYacTKaM
KpuctamwioB. [1o pe3ynpTaTaM KOJIMYECTBEHHOTO XMMHUYECKOTro aHanmm3a (tabdn. 19) dopmyny mis
coenmHeHus 5, paccuntaHHyro Ha ocHOBe 20 aHroHOB (180+2Cl) Ha popMyTBHYIO €AMHUILY, MOXKHO

3anmcath caeayronmM oopazom: Cug 0s02(V3.08016)Cl2 (Siidra et al., 2020).
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Ta6auna 19. Xumudecknii cocTaB CHHTETHYECKOTO aHAJIOTa SIpOoIIeBCKUTa (Mac.%).

KomrmoneHt Mac. % Junanazon
CuO 62.07 60.17-64.76
V205 30.97 28.52-31.99
Cl 6.42 5.16-8.02
-0=Cl, 1.38
CymmMma 98.08

45.3 HWndpakpacuas u pamanosckasi cnekrpockonus CusO2(V04)4Cl2

Jns monyueHust MHQpPAKpacHOro CcrekTpa mnoryomeHus (aza 5 mpeaBapuTensHO Oblia
CMeIllaHa ¢ BBICYIICHHBIM I'paHypoBaHHbIM KBr, cipeccoBana B TabNETKy U MPOAHAIM3UPOBAHA C
ucnonszoBanueM UK-Dypoe cniektpomerpa Bruker ALPHA FTIR (MacTUTYT Tpo6iieM XUMUYECKOM
¢usnkn, UepHOTroI0BKa) B AHana3oHe BoaHOBHIX uncen 4000 — 400 cm™ ¢ paspemennem 4 cm* 1 16
npoxojamu. B kauecTBe sTasiona Obu1 ucnoiab3zoBad MK-cnextp ananoruunoit npoOsl yuctoro KBr.

HK-cniektp CugO2(VO4)4Cl2 conepxuT qBe rpyIinbl CHIBHBIX 1MOJIOC (B Anana3oHax ot 450 1o
620 u or 700 1o 960 cml), koTopele oTBeuaroT KonebaHuAM pacTskeHns Cu-O u V-O
cooTBeTcTBeHHO. Ci1abble mornommenus Huxe 450 cM™ 00ycoBiIeHbl M3rMOHBIMU KoneOanusmu O—
V-0 (Chukanov, Chervonnyi, 2016). Bemme 1000 cm™! Ha61r01a50TCS TOTBKO OYEHB Ca0ble MHKH,
COOTBETCTBYIOIINE 00EPTOHAM U KOMOMHAIIMOHHBIM TI0JIOCaM.

B terpasapax (VOs)* cBsasu V-O cylecTBEHHO KOBATEHTHBI K HMEIOT OTHOCHTETBHO BHICOKHE
CHJIOBBIE KOHCTAHTHI 10 CPAaBHEHMIO C CHJIOBBIMH XapaKTepUCTUKaMU MOHHBIX cBs3eid. [lo sToit
npuunHe pactaruBatone konebanus (VOs)* rpynm MokKHO CUMTAaTh TIOYTHM HE3aBHCUMBIMH OT
npyrux koneOanwmii pemerku kpuctammia. MK-momocer V-O pacraruBaromux kojeOaHwid ci1abo
nckaxeHHsIx (VOs)* rpynn o6sruno HabmogatoTcs B auanasone ot 790 mo 900 cm™ (Chukanov,
Chervonnyi, 2016). B ciaydae coenuHeHus S B 3TOM creKkTpajibHON 0o0jacTu Habmogaercs: OGosee
CHJIBHOE pacIIelIeHre, 4T0 OTPakaeT 3HAYHTEIbHOE HeKaxkeHue Tetpadapos (VO4)> u oTcyTcTBHE
BeipoxkaeHust V—-O pactsokenns. CoenauHeHne 5 wmeer 8 cTemeHeidl CBOOOIBI, CBSI3aHHBIX C
koopanHaTamu pactsokerus V—0O. CnenoBarenbHo, yrcio MK-akTHBHBIX MMOJIOC TOKHO COCTABIISTh
8. DTO XOPOIIIO coracyercs ¢ HaOJII1aeMbIM CIIEKTPOM, TJI€ B Hamna3one BoaHOBBIX uncen 700-960
cM ! HabMI01aI0TCA 6 MAKCHMYMOB TIOTIIOLIEHHS], XOPOIIO BhIpaskeHHOe miedo npu 770 cM ' u MeHee
HedeTKas Touka epern6a mpu ~830 cm L,

[Tonocer pactsiHyTHIX perreTouHblx CU-O He MOTyT OBITH OTHECEHBI K M301MpoBaHHBIM CU-O
cBsi3aM. OHako BKiaj cBsazerd Cu-O B pa3nuuHble HOpMallbHbIE KOJICOaHUsI MOKHO TPEABAPUTEIHHO
MIPEIIOJIOKUTh, OCHOBBIBASICh Ha KOCBEHHBIX cOoOOpakeHUsix. B nuamazone ot 450 mo 620 oMt
HaOIIOAIOTCA MATh MAaKCHMYMOB TOTJIOMEeHHs. Tpu u3 HuX (mpu 526, 578 n 601 cvmt) 6rmskn k

nonocaM moryomenus npu 520, 580 m 612 cv! B MK-crekTpe MumHepana SpHKIAKCMaHHTA
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CusO(AsO4)2, B KOTOPOM BCS MEAb OTHOCHUTCS K OKCOIIEHTPHPOBAHHBIM TeTpadapaM. MOKHO
TIPENNOIOKUTb, YTO JTOT TPUILIET SBISETCS XapakTepHoil ueproil TeTpasapos [OCusl®*. B
-1
COOTBETCTBUH C 3TUM IPEIINOJIOKEHHEM JIBE Apyrue nojockl (mpu 470 u 488 cM ) JOKHBI OBITH
IpeBapUTEILHO OTHECEHBI K KosiebaHusaM pacTsbkeHuss Cu—O, MpeuMyleCTBEHHO BKJIFOYAIOLINM

atomsl O, ormuunsie ot O7 (puc. 52) (Siidra et al., 2020).
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Pucynok 52. UK-cnektp cunrerndeckoro sporieBckura CugsO2(V04)4Clo (Siidra et al., 2020).

PamanoBckuii criektp juist coeaunenus 5 (puc. 43b) 61 momyuen B PL] CIIOT'Y «I'eomoernby»
Ha criektpoMeTpe Horiba Jobin-Yvon LabRam HR800. CpaBHeHue 65110 TPOM3BEACHO MO JaHHBIM
W3BECTHBIX PAMaHOBCKHX CIIeKTpoB BaHamaToB (Frost et al., 2005; Kawada et al., 2015; Newhouse et
al., 2016). Tlpunoxenue 4.4.7 cOAepXUT paclpeeieHne MOJ0C COETUHEHHS D, CpaBHEHHE C
¢unrepurom Cuz[CusO]2(VO4)s (Hughes, Hadidiacos, 1985) u CHHTETHYECKUM aHaJIOTOM

crorbepurta [Cus02](VO4)2 (Shannon, Calvo, 1973c¢), a Takke ¢ coequHeHneM 4 U3 TaHHON pabOTHI.

4.5.4 Marnurusbie cBoiictBa CugO2(V0O4)4Cl2

ITo pesynpraram maruuTHbX u3MepeHuil CugO2(V04)4Clo, BbIMOIHEHHBIX HA MarHeTOMETPE
SQUID, 5 nemoHCTpUpyeT MapaMarHUTHOE MOBEICHUE C JINHEWHOUN TeMIlepaTypHOi 3aBUCUMOCTHIO
obpatnoit BoctipuumuuBocTH Boite 200 K (puc. 53). CoorBercTBHE 3ak0oHYy Kropu-Beiicca obpamaer

B OTpULATeNbHBbIC 3HaueHHs aHTU(deppoMarHUTHYI0 Temreparypy Kropu-Beiicca 6 = -95 K u
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noctossHHYI0 Kropu C = 3.55 emu K/mol, uTto cooTBeTcTBYeT mapamarHUTHOMY 3¢ (HEKTHUBHOMY
MomeHTy W = 1.78 ug/Cu. DTO 3HaYeHHE COMOCTAaBUMO CO 3HadeHUEM 1.73 U, OKUIAEMBIM IS
oTzenbHOro cruH-Y nona Cu?*, u moarsepxkaaer, uro e 200 K Bce crunbl Cu?* kone6morcs
ciyuaiiaeiM oopasom (Siidra et al., 2020).

Hwxe 50 K BocmpuMMYHUBOCTD CTAaHOBHUTCS 3aBUCUMOM OT 1o (puc. 53). B Gonee Hu3kHxX
MOJISIX OHA MOKAa3bIBAET PE3KOE YBEIMYEHUE, KOTOPOE FTOBOPUT O Pa3BUTUU HEKOMIIEHCHPOBAHHOTO
MarHUTHOTO MOMEHTa M COBIAJAeT C TUCTEPE3UCHBIM TIOBEICHHWEM 3aBUCHUMOW OT TMOJIS
HaMarHu4eHHocTH, u3Mmepennou npu 2 K (puc. 54). Takoe noBegeHue cieayeT NPOTUBOIIOCTABUTD
JUHeHHOW KpuBoi HamaraudeHHocTH npu 50 K. Mcexoas ot nuka termioemkoctu ®umepa d(y T)/dT
TeMmriepatypa mnepexoma onenHuBaercss Tc = 24 K (puc. 53). JluneliHas 3aBUCUMOCTH
Hu3KoTemIepatypHoi kpuBoit M(H) mexay 4 u 7 T MoxeT ObITh SKCTpAIOJIMPOBaHA Ha HYJIEBOE
noJie, Jaroliee HEKOMIIEHCUPOBAaHHbI MOMEHT My ~ 1.9 pp/f.u. B npuBeeHHBIX JAaHHBIX MOXHO
YBHIIETh TOJIBKO Y3KHH THCTEpE3HC, CBS3aHHBIH C OSTHM HEKOMIICHCHPOBAHHBIM MOMEHTOM.
Kospuurusnoe none cocrasnser 7 MT npu 2 K.

Koneunoe 3Hayenne My Moxer ObITh BBI3BAHO  CIKMHOM, HaxOIALIMMCS B
aHTU(EPPOMATHUTHOM COCTOSIHUU, UM HECKOJIBKUMH (heppOMarHUTHBIMU MOAPEIIeTKaMH, KOTOpbIe
aHTH(EPPOMATHUTHO CBSI3aHBI, HO HECYT pa3jIMYHble MAarHUTHBIE MOMEHTHI U HE KOMIIEHCHPYIOT
apyr apyra. OtpunarensHblii 3HaK Temreparypsl Kropu-Beiicca ykaspiBaeTr Ha mnpeobiagaHue
aHTU(EPPOMATHUTHBIX B3aUMOJICHCTBUM U MOAJEPKUBACT MEPBbIi cuieHapuil. C Apyroit cTOpoHHI,
HEKOMIICHCHUPOBAHHBIH MOMEHT HEOOBbIualiHO BEeNMK g aHTudeppoMarteruka, rae Mr oObraHO
COCTABIISIET HECKOJIBKO IMPOIEHTOB HaMarHM4YeHHOCTH HACBIIIeHHs Ms, B TO BpeMs Kak B ciydae
coenuaeHust 5 My cocraBnsier 21% ot Ms = 9 ps/f.u. XoTs ciioxHas KpucTaumueckas CTpyKTypa
CugO2(V0O4)4Cl2 MoxeT moiepKuBaTh MHOKECTBO (PepPOMArHUTHBIX MOJPEHICTOK, 3HaYeHHe My
HECOBMECTHMO CO CLIEHApUEM HUX HETOJHON KoMIeHcaluu. Eciu, Hanpumep, ATk U3 I€BATH HOHOB
Cu?" 06pa3yioT oHy TIOZIPENIeTKy, a ApyTHe deThipe nona Cu?’ o6pasyroT Jpyryio HOAPEMETKy C
MPOTHBOIOJIOKHBIM HAMpaBICHUEM CIIUHA, TO Okujaaercs otHomienue Mi/Ms = 1/9. C uiectbio
aTOMaMHM B OJIHOM MOJIPEIIETKE U TPEMsI aTOMaMH B IPYTO# MOJApeNIeTKe, Kaxablii qocturaet Mr/Ms
=3/9 = 1/3, uro takxke ommgaercs ot M/Ms ~ 2/9, nadbmonaemsix B ciydae CugO2(V04)4Clo.

[TosTomy IpeInoaracTcs, 4TO CugO2(V04)4Cl: pa3BHBaET HAKJIOHHBIN
aHTH(EpPPOMATHUTHBIN HOpAA0oK. CIIMHOBEI HAKIOH He SBISETCS PEAKOCTBIO B coenuHenusax Cu?*,
BKJTIOYasi MeTHbIC MUHEpasibl, X0Ts My/Ms B 3TOM ciydae coctaBisieT meHee 10% (Zhang et al., 2010;
Han et al., 2016). 'opazgo Gonbinee 3nadenue M/Ms ~ 0.8 ObUIO TONyYeHO MJIsi MUHEpaia
¢panmucura U ero cuaternyeckux axamoros, CuzBi(SeO3)02X (X = CI, Br) (Pregelj et al., 2012;

Constable et al., 2017), HO B 3TOM ciydac mpeoOIaJaOIINMH B3aUMOJCHCTBUSMHU SIBIIIOTCS
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dbeppoMarHuTHBIe, ¥ MarHUTHas CTPYKTypa MOXKET paccMaTpuUBaThbCid KaK BO3HHUKAIOLIas W3
CIIMHOBOTO HakJIOHA B peppomarauTHOM coctosiuuu (Rousochatzakis et al., 2015).

C miecThi0 HEIKBUBAICHTHBIMU TO3UIMAMU Meau cTpykTypa CugO2(VO04)4Cl2 comepxut
JNECSATKA  BO3MOXHBIX  KOMOMHAIMii  OOMEHHBIX  B3aUMOJCIHCTBHI, HO  BBINOJHEHHBIH
MUKPOCKOIIMYECKUI aHallM3 IOKa3blBa€T, YTO TOJILKO BOCEMb M3 HUX MPUBOAAT K CHUJIBHBIM
MarHUTHBIM CBSI35IM C a0COMIOTHRIMH 3HaYeHUsIMH, TipeBbimatonumu S0 K (tadm. 20). [TepBbie mectsb
koMOuHanumii (J1—Je) HE ABIAIOTCS GPYCTPUPOBAHHBIMH U 00PA3YIOT CJIOM B INIOCKOCTH ac (puc. 55).
DT 1IecTh KOMOMHANMK TpPEAoCTaBUiIM Obl (DeppPUMArHUTHBIN KOJUIMHEAPHBIA TOPSAOK C
MPOTUBOIIOJI0XHBIMU CHUHOBBIMHM HampasieHusMu Ha Cul, Cu2, Cu4, CuS no3uumsx ¢ OJHOMU
croponbl 1 Cu3, Cub nmo3unusx ¢ apyro. PesympTupyrorias yucras HamarauaeHHOCcTs Mi/Ms = 1/3
SIBHO ITPEBBIIIACT dKCIIepuMeHTatbHOe 3HadeHne Mi/Ms ~ 0.21. C mpyroit CTOpOHBI, OCTaBIIUECS JABE
KoMOMHauMu J7 ¥ Jg AEMCTBYIOT Kak aHTU(EPPOMarHUTHbIN JaJbHUNH OOMEH MEXIy MOMEHTaMu
Cul, xoTopslie ObL1N ObI heppOMArHUTHBIM 00PA30M BEIPOBHEHBI, €CITH OBl pACCMATPUBAIUCH TOJIBKO
J1—Js. KonkypeHIust Mexy 6mmkaimmM coceTHUM GpeppoMarHUTHEIM (J1, J3) B BTOPBIM-COCETHUM
(manpbHUM) aHTU(EpPpPOMArHUTHBIM (J7, Jg) OOMEHOM MOXKET MPUBECTH K CIIMHOBOMY OTKJIIOHEHHIO
(puc. 55).

Jaxe camas mpoctasi MarHuTHasi Mojenb, ycranosnenHas s CugO2(V04)4Clz, oTpaxkaer
HECKOJIbKO KAaueCTBEHHBIX OCOOCHHOCTEM MAarHUTHOTO TOBEACHHS. Bo-mepBBIX, KOHKYpPEHIIHS
MEXIy OMMKaUIINMH COCETHUMHU (EePPOMArHUTHBIMU U OMMDKaWIIMMHU aHTU(EeppOMarHUTHBIMU
B3aMMOJICHCTBUSMH TMPENSATCTBYET KOJTMHEAPHOMY (EepPPUMArHUTHOMY MOPSIKY M TPUBOAUT K
“npomexxyrounomy”’ 3HadeHuio M/ Ms~2/9, KoTOpOoe HE OXKUAaIoch Obl B (heppumarHeTuke. Bo-
BTOPBIX, BOBHUKAIOT TOJBKO Ci1a0ble 0OMeHHbIe B3aumoeiicTBus Huxe 50 K B miiockoctsx ac. 3to
MOKET OOBSICHUTH OTHOCUTENBbHO HI3KYIO Tc = 24 K o cpaBHeHuto ¢ Temnepatypoii Kropu-Beiicca
0 =-95 K. Takum o6pazom, ppycTparius 1 HU3Kasi pa3MEPHOCTH SBIISIOTCS BAKHBIMU KOMITOHCHTAMH
¢duzuku CugO2(VOa4)4Clo.

Bmecte ¢ HenaBHO oOHapykeHHbIM Cuz(OH)2F4 (M/Ms ~ 0.24) (Danilovich et al., 2019),
uccnenayembiii  CugO2(V04)sCly  mokasbiBaer HeoObuHO Oosbiioe  oTHomienne MdyMs s
aHTHUEeppoMarHeTuka U OyJAeT HHTEpecHOW MiIaT@opMON Uil M3YyYEHHUs MeXaHH3Ma CHIJIBHOTO

CIIMHOBOTO OTKJIOHEHUs B aHTH(eppoMarHUTHBIX coeanHenusix (Siidra et al., 2020).
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Pucynok 53. TemmepaTypHas 3aBUCHMOCTh MarHuTHOH BocmpuuMuuBoCTH CugO2(V04)4Cl2
u3MepeHHas B npukiaanbix nossix 0.1 T u 5 T. Ha BcraBkax nmokaszaHo cootrseTcTBue 3akony Kropu-

Beiicca manubix 5 T u teroemkocth @umepa d(yT)/dT, BerurcienHas Ha ocHoBe maHHbIx 0.1 T
(Siidra et al., 2020).

3 T T T T T
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o

-2+

Field (T)

Pucynoxk 54. 3aBucsmias ot mosist HamarandeHHOCTh CugO2(V04)4Clo, nzmepennas mpu 2 K u 50 K.
[lyHkTUpHas JMHUS TpEACTaBIseT OO0 HKCTPAmoJAIHMI0 Ha HYJIEBOE IOJie, KOTOpOe JaeT
HEeKOMIeHCHUpOBaHHBIH MOMeHT Mr ~ 1.9 pg/f.u. BeraBka mokasbiBaeT yBEIHMYEHHBIN BUJ Y3KOTO
rucrepesuca, Haomoaemoro mpu 2 K (Siidra et al., 2020).
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Ta6auma 20. Maruutabie oOmeHHble komOuHaiu B CugO2(V04)4Cly, monydeHHbie MeTOI0M
GGA+U. B criicke yka3aHbl TOJIbKO KOMOMHAIINY ¢ a0COOTHBIMY 3HaueHusiMu cBhIte 50 K.

Cu aToMEI deucu (A) Ji (K)
J1 Cul-Cu4 2.814 -78
J2 Cu3-Cu6 2.821 -90
Js Cul-Cu5 2.834 -83
Ja Cu2-Cus3 3.230 140
Js Cu3-Cu4 3.315 175
Js Cul-Cus3 3.465 255
J7 Cul-Cul 5.629 65
Js Cul-Cul 5.668 60

Pucynok 55. CrimnoBast perrerka CugO2(V04)4Clo. Benble nuaun 00603Ha4a0T GeppoMarHUTHBIC
cuemjeHus Ji—Js, 3eJeHble JMHUU TOKa3bIBalOT aHTU(EPPOMArHUTHBIE CLEIUIEHUS ONMKalIImx
coceieif  Ja—Js, TOrZAa Kak CIUIOIIHbIE M IYHKTUPHBIE YEpHblE JUHUM 0003HAYaIoT
aHTHU(EpPPOMAarHUTHBIE COEIMHEHUS! BTOPbIX (HanbHUX) cocened J7 m Js. Oxupaercs, 4To Takas
CIIMHOBAs pelieTka OyleT co3/1aBaTh KOJUIMHEAPHBIH GeppruMarHuTHbIA nopsaok ¢ M/Ms = 1/3 (a).
MarHuTHas JIeHTa, TPOXOASIIas BAOIb HAIIPABICHUS &, MOTYEPKUBACT KOHKYPEHIIUIO MeXIy J1, J3
u J7, Jg (b) (Rousochatzakis et al., 2015; Siidra et al., 2020).

45.5 BbIicokoTeMNepaTypHoe TMoOBedeHHE W TeH30p KOI(PPUIHEHTOB TEPMHUYECKOT0

pacumpenust CugO2(VO4)4Cl2

TemnoBoe pacmmpenne CugO2(V04)4Cly (coemuuenne 5) u ero BBICOKOTEMIIEpATYPHOE
noBeicHue Oostee ciokHbI 1o cpaBHEHHIO ¢ CUsO2(V04)2-(CuCl) (coenuuenue 4). {udpakunonnas
KapTHHA UCXOAHOM (a3bl 5 n3MeHseTcs Oosiee AMHaAMUYHO. Bo BceM nmanasone temmeparyp ot 25
°C no 800 °C Beiaeneno uetbipe uHTepBaia (I-IV), koropeie COOTBETCTBYIOT pazIMuyHOMY (ha30BOMY
coctaBy (puc. 56). [Tuku Pt (MmaTepuan momioxku) (Schroeder et al., 1972) nabmarogarores mpu Beex
TeMIiepaTypax sKcrepuMeHTa. B mepBom temmeparypHom untepBaie (I) or 25 °C mo 480 °C
OTMEUYEHBI TOJIBKO pediekchl ucxoauou ¢aszer 5. CTOUT OTMETUTH, UTO B HHTEpBase Temmepatyp 400-
480 °C st peduekcsl 5 HAUMHAIOT TEPATh MHTEHCUBHOCTb M BBIPOXKIAIOTCA, TOTJA KaK IPYTrUX

pednekcoB He Habmoaaercst. Bo Bropom nnatepsane Il (490 — 550 °C) na qudpakiimOHHON KapTHHE
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WCYE3al0T MUKW 5 M CTAHOBATCA BHIHBI peduiekchl cuHTeTHYecKuX croibeputa Cus02(V0a)2
(Shannon, Calvo, 1973c) n ¢unrepura Cu1102(VOas)s (Hughes, Hadidiacos, 1985). B Tperbem
temneparypuom uHTepBaie III (560-610 °C) HaOMIOAAOTCS TONBKO STH OKCOBAHAIATHI MEH.
Hakownen B IV unrepsaie ot 620 °C g0 780 °C npucyrctByet Toiabko CusO2(V0O4)2. Kpome Toro,
IpU KOHEYHBIX TEMIIEpaTypax 3KCIIEPHUMEHTa 3TH PedIICKChl TaKKe BBIPOXKIAOTCS M3-3a MOJHOTO

TUIABJICHHSI, YTO coriacyercs ¢ nanubiMu Siidra et al. (2020).

IV. “Stoiberite” Cu,0,(VO.),
111. “Stoiberite” Cu;0,(VO,),
“Fingerite” Cu,,0,(VO.),

II. “Stoiberite” Cu,0,(VO,),
“Fingerite” Cu,,0,(VO,),
“Yaroshevskite”Cu,0,(VO,),Cl,

|.“Yaroshevskite” Cu,0,(VO,),Cl,

Pucynok 56. TpexmepHas Iu(pakiHOHHAsS KapTHHA, IOKa3bIBAIOIIAsS BCE PEHTICHOIPAMMBI
BBICOKOTEMIIEpAaTypHOTO HccienoBanus (a3l 5 B nuamnazone 20 12-80°. Cepslif mBeT cBsi3aH ¢
ucxomHbiM  CugO2(V04)4Cl2, a xpacubiii ¢ mnpoayktamu ero pasnoxenus CusO2(VOs): wu
Cu1102(VO4)e. Ha BcTaBKe nipescTaBieHbl hotorpaduu odpasia 5 1o u mocie sxkcrnepumenTta (Ginga
et al., 2022b).

B cBs131 ¢ ipeicTaBIeHHBIM pPa3/IeIeHuEM TEMITEPATyPHBIX HHTEPBAJIOB TEIUIOBOE PacIIpeHHe
5 u3yuanock B nuamnaszoHe 25-480°C. B ornuume oT 4, mapameTpbl 3JIEMEHTapHON sS4Yeku 5
YBEJIMYMBAIOTCS 00JIee MHTEHCUBHO C pOCTOM TeMIieparypsl. [lapameTpsl aj1eMeHTapHO! sSTYeiKy a u
b MOHOTOHHO yBENMYMBAKOTCS, a ApaMeTp C HE3HAYUTEIBHO YMEHBIIACTCS. YTJIOBBIC apaMeTphI
TPUKIMHHON SYEUKH o0 M [ c1abo0 ¥ MOHOTOHHO YMEHBIIAIOTCS, a Y, HAa00OpPOT, MOHOTOHHO
Bo3pacraeT. [lpu moBbIIeHUH TeMrmepaTypbl OOBbEM SJIEMEHTAPHOW SUEWKH 5 yBEIMUMBAETCS
JUHEWHO ¢ HeOOJBIIMM HaKJIOHOM. M3710MOB BO BceM JMana3oHe Temreparyp He HaOmronanocsk. Ha
pUCYHKE 57 IMpelcTaBleHbl TeMIIEpaTypHble 3aBUCUMOCTH MapaMeTpOB 3JIEMEHTapHOU sYeku S5 B
nuamnazone 25-480°C. I[lapameTpbl 2yIeMEHTapHON SYEHKH 5 anmpOKCUMHUPOBAIUCH MOJTUHOMAMU

MEPBOIO MOPSAIKA MO0 YPAaBHEHUSAM:

a(T) = 6.4510(7) + 0.282(1)-10°3-T

b(T) = 8.2976(2) + 0.167(6)-103-T

o(T) = 9.1568(1) — 0.139(1)-10°3-T

o(T) = 105.1161(4) — 1.012(1)-10°%-T (9)
B(T) = 96.6672(4) — 0.536(1)- 10T
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y(T) = 107.6051(3) + 2.181(1)-10°3-T
V(T) = 442.6141(1) + 10.7226(1)-10°3-T
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Pucynok 57. TemmepaTypHble 3aBUCUMOCTH NapaMETPOB 3JEMEHTApHOU sueiiku u oObema Jyis
coeauHeHus S B uHteppaie 25 — 480 °C.

C ucnonp3zoBaHueM KO3IPPUIMEHTOB YpaBHEHHM TeMmIepaTypHOW 3aBUCUMOCTU MapamMeTpoB
pEIIeTKH, TPEICTaBICHHBIC BBIIIC, BBHIYUCICHBI TJIABHBIE 3HAYEHUS TEH30pa TEPMHUYECKOTO
pacupenusi, Ko3(GUIMEHTHl PaCIIMPEHHs BA0JIb KPUCTAIUIOTpapUUECKUX OCe U OPUEHTHPOBKA
ocell TeH30pa OTHOCHTEIbHO KpHCTAIOrpaduyeckux ocedl A COeAMHEHHs S5 B HHTEpBaje
temriepatyp 25-480 °C. B npunoxenuu 4.5.7 mnpencraBieHbl 3Ha4YCHHS KOd(DPHUIIHEHTOB
TEPMUYECKOTO PACHIMPECHHUs] CHHTETHYecKoro coemuHeHus 5. Koaddunmentsr TemioBoro
paciupeHus 5 ¢1abo U3MEHSAIOTCS C TOBBIICHUEM TEMIIEPaTyphl, T03TOMY (urypa ko3pHuuueHToB

TCIIJIOBOI'0 paCmrpCHUs OCTACTCA HNPAKTUYCCKHU HEHU3MEHHOI BO BCEM Auana3oHe TeMIICpaTyp.
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Kpucranmnmaeckass crpyktypa 5 u ¢urypa kod(pQUIIMEHTOB TEH30pa TEIUIOBOTO PACIIMPECHUS

MOKa3aHbl HA pUCYHKE 58.

Pucynok 58. O0uime npoeKiiyu KPUCTaTHYeCKOl CTPYKTYphl 5 BIoib oceit b u a (Cu — romyOsie
mrapuxy, V - cunne, Cl - 3enensie u O - KpacHbIE COOTBETCTBEHHO; KoMmuiekehl [OCus]®* - kpacHbIe
teTpa’ipbl). CripaBa mpuBEIeHBI QUrypa U cedyeHUs Kod3((UIMEHTOB TEIUIOBOTO PACHIMPEHHS B
nuana3oHne temneparyp 25 —480°C.

durypa K03(QPHUINEHTOB TEIJIOBOTO PACHIMPEHUS S IEMOHCTPUPYET CHIJIBHOE CXKaTHe B
HaNpaBIEHNH OCH o33 (<oss> = — 16.3(2)x10° °C™). Hanpasnenne cxaThs JeKHT B OIHOM
TJIOCKOCTH C OCBIO ¢, 4TO CBHJIETENLCTBYET O CMEIIEHHH MapalienbHbIX memouek [O,Cus]®”
OKCOIIEHTPUPOBAHHBIX TeTpa’apoB [OCus]®* B HampaBmeHuu, KOTOPOMY OHH TIOAYMHSAIHCH OBl B
crabunsHOM cioe karome [02CUs]®". MakcuMansHOE paciIMpenre TMPOHCXOMHUT TI0 HAMPABIEHHIO
ocH TeH3opa o011 (<o11> = 48.8(6)x10° °C™), uro 6Gmu3Kko k HampaBieHHMIO och a. B 3TOM ciydae
pacIiupeHye TNPOUCXOXMT BHYTpH wemouek [OpCus]®". MOoKHO TpemonoXKuTh, UTO
KPUCTAIIMYECKas CTPYKTypa B STOM HANpaBIEHHH 011 CTpeMHTCs cMecTuth memu [O.Cus]®*
OTHOCHUTEIIbHO KaXXJOW B CTOPOHY O0jee CUMMETPUYHOIO pACIOJIOKEHMS, TPU KOTOPOM OHH
CBSI3aHBI 3€PKAIBHON TUIOCKOCTHI0. K03 (UIIMEHTHI TEIIOBOTO PaCHIMPEeHHs] 5 OCTAIOTCS TOYTH
HEUyBCTBUTEJIBHBIMU K TEMIIEPATYPE; COOTBETCTBEHHO, (hUTypa KO (HUIIEHTOB TEH30pa TEIIIOBOTO
pacIIMpeHusi OCTaeTcsl MOYTH TOCTOsHHOW (puc. 58). Peskas aHM30Tpomust U OTpHUIATEIbHOE

TEIUIOBOE paCIIUpPEHHEe HE PEOKOCTh CpeAM HU3KOCUMMETPHUYHBIX coequHeHuil. CxolHble

MEXaHM3MBbl TEIJIOBOIO pPACIIUPEHHUS] CO 3HAYUTENBHOM AaHM30TpONHEed U 3aKOHOMEPHOCTHU
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BBICOKOTEMIIEPATYPHOTO TMOBEJCHUS KaK COCIWHEHUsS 5, Tak U 4 MoxHO HaiiTh B paborax P.C.
Bbyo6noBoii, C.K. ®unaroBa (®unaros, 1990; byonosa, ®unatos, 2008; Bubnova, Filatov, 2013).
AHAJIOTUYHOE TEIUIOBOE pAaCIIMpPEHHE C CHIIBHBIM CXXAaTHEeM B OJHOM W3 HAmpaBJCHUH, KaKk B
ucciaeayemom CugO2(V04)4Cl2, onucano takske st 6e3raaoreHuIHbBIX BaHaaaToB Meau o-Cu2V207
(Zhang et al., 2016), B-Cu2V207 (Wang et al., 2019) u BanagatoB apyrux MetamioB ZrV.07
(Sakuntala et al., 2009; Yamamura et al., 2011), HfV>07 (Yamamura et al., 2011).

Paznoxxenne coeuHeHus 5 mpoTekaer 6oee CI0XKHO, 10 CPAaBHEHUIO ¢ 4, 1 AaeT IBYX(a3HYIO
cmech Cus02(V04)2 1 Cu1102(VO04)e. 31ech CHOBA BO3MOKHBI JIBa Tporiecca, yiaeryuananue CuCly u
€ro TepMUYECKUI TUIPOIN3, KOTOPhIE COOTBETCTBYIOT IBYM YPABHEHUSM:
2-Cug02(V04)4Clz — 2-CuCl,T + Cus02(VO4)2 + Cu1102(VOa)e (10)
4.Cug02(V04)4Clz + 4-H20 — 8-HCIT + 5-CusO2(VO4)2 + Cu1102(VO4)s (11)

O06a ypaBHEHHS MPeIoararoT OJIM3KUE MACCOBBIE JJOJIU MPOAYKTOB Pa3IOKEHUs, U HU OJHO
U3 HUX HE MOKET ObITh BBIOPAHO HA OCHOBE OTHOCUTENbHBIX MHTEHCUBHOCTEN B faHHbIX PXRD. Ilo
cpapaeHnio ¢ CuCl, CuCl, Oomee JieTyd, 9TO KOppEIUpYyeT ¢ OoJjiee HHU3KOW TeMIIepaTypou
pasnoxxenus (okoso 50 mm pt. ct. ipu 400 °C (Yaws, 1995)). B To e Bpems CuCl; Taxxke Ooiee
qyBCTBUTEJIEH K ruaponusy. [loatomy mpenmonaraercs, 4yTo MOryT paboTaTh 00a MexaHU3Ma
(ucmapenue u ruaposn3 rajgorenuno mean). Cormacuo (Dabrowska, Filipek, 2008), Cu1102(VOa)e
maButcess HHKOHTPY’HTHO Tipu 780 °C ¢ BeigenenueM CusO2(VO4)2, 4To coriacyercsi ¢ HalIMMHU
JaHHBIMA 10 (ha30BBIM COOTHOIICHHSIM. [IOMUMO pa3nmUYHBIX PEXKUMOB HarpeBa B HaIIeM
UCCIIEIOBaHMH, a Takxke B paborax Dabrowska, Filipek (2008) u uutupyeMbix B HUX paboTax, Ha
NIPEBPAICHHE MOXET BIUATH IPUCYTCTBUE OCTATOYHOTO XJIOPHIa B 00OpasIie.

Habnromaemoe oTpuiaTenbHOE TEIIOBOE PAaCIIMPEHNE COETUHEHNS S TIPECTaBIsIeT UHTEPEC B
CBSI3M C TEPCIEKTUBHOCTBIO TPUMEHEHHUS COCIUHEHHUH C OTpULATEIbHBIM TEPMUYECKUM
pacmpennem (NTE) npum pa3paboTke W NPOW3BOJACTBE MATEPUATIOB C KOHTPOIUPYEMBIM
koo dunmentom teroBoro pacmupenus (KTP) B couetannn ¢ IpyruMu ONTHMH3HPOBAHHBIMA
ceoiicrBamu (Barrera et al., 2005; Grima et al., 2006; Miller et al., 2009). B nocnenuue necaTuiaeTus
MOWCK W W3YYCHHE COCIWHEHUN C OTPUIATEIhHBIM TETUIOBBIM PACIIMPEHHEM Jad OOJbIIHE
pe3yJbTaThl B POU3BOJICTBE, MexaHu3me u npumeHennu NTE-marepuanos (Woodcock et al., 2000;
Yamamura et al., 2011; Das et al., 2014; Wang et al., 2019). Tem He MeHee, pa3paboTKa MaTepHaIOB
¢ BeicokuM NTE B mupokoM nuamnazoHe pabodux TeMIeparyp MO-TpeKHEMY MpUBIEKaTeIbHA.
Cpenu usBecTHbIX MaTepuaioB NTE BaHamaThl METAIJIOB MPEJICTABISIOT COOOW MEPCIEKTUBHYIO

obmacte sl pa3pabOTKM M3-3a WX OOJBIIMX 3aMacoB M TMPOCTOM MPOIEAYpPhl MPOU3BOJCTBA

(Sakuntala et al., 2009; Zhang et al., 2016; Wang et al., 2019).
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4.6  Hoserii Banagmi-apcenat meau Cu(VO)2(AsOa4)2

OCHOBHBIM MEXaHU3MOM JIJISl CO3JaHUSI CHHTETHUYECKHX coeauHenuid B cucreMe CuO-VO,-
As;0Os Obl1 BBIOpaH Ta30BbI TPAHCIOPT B 3aMKHYTOM CHCTEME IPH BBICOKHX TeMIIeparypax.
[TpuunHO#l BBIOOpPa BBICOKOTEMIIEPATYPHOIO CHHTE3a METOJOM Ta30TPAHCIOPTHBIX pPEaKIMii
MOCITYXKUJIO CTPEMIICHHE CO3[aTh MaKCHUMAajJbHO OJIM3KUE TEPMOAMHAMHUYECKHUE YCJIOBUA K
dbymaponsHOMy MuHEpasiorenesucy (Bepracosa, @umnaros, 1993; 2012).

B cucreme CuO-VO,-As;0s5 B kadecTBe COCYIOB JUIsl POCTA CHHTETUYECKUX COSAMHCHHA ObUTH
BbIOpaHbI KBApIEBbIE aMITyJIbl, BBIICPKHUBAIOIINE BO3ACHCTBHE BEICOKUX TEMIIEpaTyp BILIOTH 10 900
°C. B pe3ynbTare mpakTH4eCKOW 4acTu AaHHOW paboTel 1t cucteMbl CUO-VO2-As;Os cymmapHO
ObLI0 BBINOJHEHO 20 CHMHTE30B B KBapLEBbIX TpyOkax. OCHOBHBIM JOCTHKEHUEM IPOJEIIaHHOM
paboThl B JAHHOW CHCTEME SIBJISICTCS MMOJy4eHUue HOBOro BaHaauia-apceHara Meau Cu(AsO4)2(VO)..
Onucanne CcUHTE30B mpuBeneHO B mpuiokeHuu 4.6.1. Crenyromue mnaparpadbl MOCBAIICHBI
PacCMOTPEHHIO KPUCTALIOXUMUYECKMX OCOOCHHOCTEM MONYy4eHHOT0 HOBOTO COEIWHEHUS,
CPaBHEHHIO C POJICTBEHHBIMH II0 CTEXHOMETPUH COCIMHEHHSIMH, a TAK)KE aHAIU3y pe3yJbTaToB

uccienoBanuii xumuueckoro cocraBa Cu(AsOas)2(VO)2 u ero hpu3znveckux CBOMCTB.

4.6.1 Kpucrarindeckas crpykrypa Cu(VO)2(AsOas)2

OtrocutenbHO KpymHBIA (50x20%20 pm) mouokpuctait Cu(VO)2(AsOs)2, BRIOpaHHBIN IS
cOopa JaHHBIX PEHTTEHOCTPYKTYPHOI'O aHAJIW3a, ObLI 3aKperyieH Ha TOHKOW CTEKJISIHHOW UTOJIKE U
uccienoBad Ha mudpakromerpe Bruker «Kappa APEX DUO» (Mo-luS). Beuio cobpano Gosee
noaycgepsl TpexmepHbIx XRD nannbix ¢ mmpunoii kaapa 0.50° no o u sxcniozunmeit 30 cexyH uis
kaxaoro kaapa. Kpucrammueckas ctpykrypa Cu(VO)2(AsOs)2 Obla JOTONIHUTEIBHO YyTOYHEHA B
npocTpaHcTBeHHOM Tpymme P2i/c: a = 8.3815(5) A, b = 4.9216(3) A, ¢ = 9.0759(5) A, B =
107.992(10)°, V = 356.08(4) A. YTounenne 6b110 BBIMONHEHO 10 R1 = 0.024 (WR2 = 0.061) s 1242
otpaxenuii ¢ |Fo| > 40F ¢ ucnons3oBanueM nporpamMmmbl SHELXL (Sheldrick, 2015). Bce atomsr
YTOYHEHbl aHU30TpornHO. OCHOBHas KpucTtaiorpadguueckas HHPopMaus TMpeAcTaBieHa B
npunoxenuu 4.6.3. [TapamMeTpbl aHU30TPOITHOTO CMEILEHHS [ BCEX aTOMOB, a TAKXKE PE3YJIbTAThI
pacyera OajiaHCa BaJICHTHBIX YCHJIMI MpUBEAEHBI B NpuiIokeHusx 4.6.4 u 4.6.5 cOOTBETCTBEHHO.
BriOpaHHble MeXaTOMHBIE pPACCTOSHHUS JJIsi BCEX AaTOMOB B KPUCTAJUIMYECKOH CTPYKType
Cu(VO)2(As0a)2 mpuseneHs! B Tabmuie 21.

Tabauna 21. MexaToMHBIe PacCTOSHUS B KpUCTamtnueckoit ctpykrype Cu(VO)2(AsO4)2 (A) (Ginga
etal., 2022a).

Cul-O1 2.047(2) V1-05 1.628(2)
Cul-01 2.047(2) V1-03 1.929(2)
Cul-03 2.6134(19) V1-05 1.987(2)
Cul-03 2.6134(19) V1-01 2.0017(19)

Cul-04 1.886(2) V1-02 2.0350(19)
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Cul-04 1.886(2) V1-02 2.148(2)
As1-01 1.728(2)
As1-02 1.7318(19)
As1-03 1.6875(19)
As1-04 1.6428(19)

Kpucrammuaeckas crpykrypa Cu(VO)2(AsO4)2 coaep UT 0HY CHMMETPUYIHO HE3aBUCUMYIO
nozunuio Cu, oaHy no3uiuio V u ojany nosunuio As (puc. 59). KoopauHalimoHHOE OKpY:KEHHE
no3uninu Cu obpazobano aAByms atomamu O1 u aBymst atomamu O4 B 9KBaTOPUATIBHOM INTIOCKOCTH U
nBymsi atomamu O3 B anukanbHOW 4acTH, 0o0pa3ys oktadpel CuOs. O1tH [4+2]-okTasaper CuOs
CHJIBHO HCKaKeHBI U3-3a dddexra Sdna-Temnepa, XapakTepHoro mis kaTnoHoB Cu?’ B OKCOCOIAX
(Burns, Hawthorne, 1996).

CUMMETpUYHO HE3aBHCHUMAs MO3UIUS V OKTa3IpHUUECKH KOOPAMHUPOBAHA IIECTHI0 aTOMaMH
O c oOpazoBanuem [1+4+1]-koopauHannonHoi reomerpun. Koopaunanmonnsiii monmdap VOe
CONIEPKUT OJHY KOPOTKYIO BaHAHWIbHYI0 cBasb V=0 (V1-05) pasmepom 1.63 A, ueTwipe
skBatopuanbaele cssu V-0 (V1-03, V1-05, V1-01, V1-02) B auanasone 1.93—2.04 A u onna
JUIMHHAsT TpaHc-CBsi3b V-02 BenmuuuHoit 2.15 A, MPOTUBOMOJIOKHA BAaHAJAWIBHON CBS3U.
Koopaunarus V4 B Cu(VO)2(AsOas), Tunuuna 11s okcoconeit Banaaus (Schindler et al., 2000).

[To3unus As okpyxeHa 4deTblppMs aromamu kuciopoga Ol, O2, O3 u O4 ¢ obpa3zoBaHueM
apCEeHaTHOTo TeTpadupudeckoro kommurekca (AsO4)%. Jlmuasl u yrael cBs3u As-O HOMazaloT B

JIara3oH, 0ObIYHO HAOJF0TaeMBIi B apCeHATHBIX cTpyKTypax (Shannon, Calvo, 1973a).

Pucynok 59. KoopmuHamuoHHble OKpykeHHs katmonoB Cu?*, V** u As™ B crpykrype
Cu(VO)2(AsO4)2. Cesazu Cu-O > 2.5 A u cesazu V-0 > 2.05 A nmoka3aHbl OpaHXeBBIMH TYHKTUPHBIMH
JIMHUSIMH, A BaHaHUIIbHAst cBsi3b V-O5 mokaszana )upHbIM. DkBaTopraibHble IIocKocTH CuOs 1 VO4
BBIJIEJICHBI TOJTYOBIM M KPACHBIM [IBETOM COOTBETCTBEHHO.

Cu(VO)2(AsO4)2 nmeeT yHUKaIBHBIA CTPYKTYpHBINA THII. OH XapaKTepu3yeTcs CIOSMHU (pHC.
60), oOpa3oBaHHBIMU V-IIEHTPUPOBAHHBIMU OKTAdApaMU C TOMOIIBIO OOBEAMHEHHUS IO OOIIMM
pebpam u BepmmHaM. [[Ba oktasapa VOs cBsI3aHbI IpyT ¢ Apyrom oommm pedpom O2---O2, oOpazys
nuMepHble eaunuibl V45010 ¢ paccrosuuem V-V 3.24 A, D1o coBmecTHOE pebpo obecrneunBaercs
nByMs TpaHC-3KBaTOpUANbHbIMU N4 Qg -4+ 1\/4* cpgskamu (V = BamanmibHas cBA3b, €q =
9KBaTOpHalibHas, t = TPaHC-CBSA3b) B COOTBETCTBUU ¢ Kiaaccudukarueit Schindler et al., (2000). DtoT

TUI cBsI3M OBLT ommcaH B (pocdoanamumure Ba[V4*4P,0s(0OH)s]-12H20 (Medrano et al., 1998).
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3BeHpst V42010 00bEMHSIOTCS B clOM gepe3 [H4HINVA . Ogy-[1H4+ T4+

BaHAIMII-IKBATOPHATHLHYIO
CBSI3KY, HUKOT/IA pPaHEe He OMMCAHHYIO B COSMHEHMSX, COAEPIKAIINX HCKITFOUHTEIBHO KaTHOHBI V47,
Opnako cesaska WUV O [4*1\/4 pspectna m paHee omucaHa B psje CHHTETHUYECKHX
coequnenuii (Benhamada et al., 1991) u wMunepamax. Ilo pesynbraTaM BBIIOJHEHHOTO
KPUCTAUIOXUMHUYECKOro cpaBHUTEIbHOrO 0030pa, Cu(VO)2(AsOs)2 1EMOHCTPUPYET YHUKATBHYIO
CJIIOUCTYIO TOTIOJIOTHIO, paHEe HE OMMCAHHYIO UIS COSJAMHCHUN BaHAAWS. APCEHATHBIC TPYIIIIBI
JIOTIOJTHSIFOT CJIOM W3 TOJHM3IPOB BaHAIMS 3a CYET COBMECTHBIX OOIIMX BepiinH ¢ okTtadapamu VOe.

B Cu(VO)2(AsOa)2 oqurounbie okTadapbl CuOs MPUCOSIUHAIOTCS K CJI0SIM BaHAaIUCBBIX MTOJIUIPOB

yepes ooiue pedpa ¢ oOpazoBaHHeM Kapkaca, Kak moka3aHo Ha pucyHke 60b,c.

sy ) itodeinyes
“ o1 /|
V4 /

az2
©a11

@22+

Pucynok 60. Croun, o6pasoBannble okTadapamu VOs. LNV Qgg-[WHrIyA+ 3 [HHINA O
[1+4+1\/4* (V - BamamuibHas, €Q - SKBaTOPUANbHAL, t - TPAHC) CBS3KH BbIAeIeHbI (a). COBMECTHOE
pebpo mexnay oktadapamu VOs u CuOs (b). OOmasi mpoekiusi KpUCTATUTMYECKONW CTPYKTYpPBI
Cu(VO)2(As04)2 Bronb ocu b (oktasaper CuOs - TeMHO-cHHUE, OKTadApbl Vg - KpaCHBIC, TETPAdAPhI
(AsOs)* - 3emensie) (c). CrpaBa MOKa3aHbl CeUeHHMS M (Gurypa Kod(pOHIMEHTOB TEIIOBOTO
pacmpenus B nuanazone remnepatyp 300 — 825 K.
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4.6.2 KauecrBennbiii xumuueckuii anaaus Cu(VO)2(AsOs):2

KauectBennbiii Mukpo30ou10Bbiii aHamu3 Cu(VO)2(AsO4)2, BBIMOIHEHHBIH Ha 3JIEKTPOHHOM
mukpockorie TM 3000 HITACHI, He BBISBHII 2JIEMEHTOB C MOPSIKOBEIM HOMepoM OoJbiire 11 (Na),
kpome Cu, V u As. Ha pucynke 61 npeacrasiieH pe3yiabTaT KaueCTBEHHOIO XMMUYECKOI0 aHaIn3a

Cu(V0O)2(As0s)2 B BHIE CIIEKTpA.

Cu(VO),(AsQ,),

0 2 4 6 8 10 12 14 16 18 20
Full Scale 300 cts keV’

Pucynok 61. DiementHbiii coctaB HoBoro BaHamuia-apceHata wmead Cu(VO)2(AsOs)z mo
pe3yJibTaTaM Ka4yeCTBEHHOTO XMMHUYECKOTO aHAN3a.
4.6.3 Kpucranioxumuueckuii anaauz Cu(VO)2(AsOz)2 u cpaBHeHHe ¢ APYTUMH WieHAMH

cemeiicTBa coequnenuii M?*(VO)2(T%*0s)2

Cu(VO)2(AsO4)2 O cTeXHOMETPHHE OTHOCUTCS K ceMeiicTBy coequnennii M?*(VO)2(TO4)2 (M
= Ca, Co, Ni, Cu, Sr, Cd, Ba, Pb; T = P, As). B mnpunoxennu 4.6.6 NpuUBEICHBI
KpuctajuiorpaQuuecKkie  JaHHbIE  MPEACTaBUTENeH  JAHHOTO  CEMEWCTBA  COCIMHEHUIA.
Cu(VO)2(As04)2 mmeeT xkecTKyI0 KapKacHyro cTpykTypy. KirtoueBbim otiamarem Cu(VO)2(AsO4)2 ot
JIPYTMX POJCTBEHHBIX BaHAIWI-apCEHATOB M (POCHAaToB MEAW W Pa3IMUYHBIX METAJIOB SBJISIETCS
HaAJIMYUE TBYMEPHBIX CioeB (puc. 62a), oOpa3oBaHHBIX OKTadaApamMu VOe Npu O00bEAUHEHUH IO
obommM BepmmHaM U peopam. B Cu(VO)2(POs)2 oktasapel VOg CBsA3aHBI TOJNBKO OOLIMMHU

[1+4+11\/4*) 1 o6pasyroT ommHOuHBIe neroukn (Benser et al., 2008) (puc.

peprumHamu (144 -0y -
62b). [TomobHsIe 1enouky HabmoaaoTes B o- u B-Co(VO)2(POa4)2 (Benser et al., 2008; Kaoua et al.,
2009) (puc. 62c,d), Ca(VO)2(PO4)2 (Lii et al., 1992) (puc. 62¢) u B-Sr(VO)2(AsO4)2 (Wang, Tsai,
1996) (puc. 62f). [Tocnenuuii no pe3yabTaraM NPOBEJSHHOTO aHAIN3a CTPYKTYPBI XapaKTepH3yeTcs
cBaskoit 1H4HIVA4 o Qgg- 1414 B kpucrammuueckoii crpykrype a-Sr(VO)2(AsOas), (Wang, Cheng,
1994) (puc. 62g) oxtasapsl VOg ¢ o6mmmu pebpamu 06pasyiot qumepsl [ V2010] uepes ase [HH4+H\V4+-
{Oeq-1*** 14 cs3KM, amanormunsle csaskaM B uccnexyemom Cu(VO)2(AsOs)z. B Ba(VO)2(PO4)2
(Grandin et al., 1992a) (puc. 62h) no3unuss V1 mMeeT TeTparoHaJIbHO-MUPAMUAATbHYIO [1+4]

KOOPIMHALIMIO C OJJHOM BaHAJUIBHOM cBs36I0 1.603(2) A 1 ueThIpbMS SKBATOPHATBHBIME CBA3IMH B

nnanazone 1.958(2) A — 1.981(3) A, Torna xak mosurmst V2 UMeeT OKTaApUUECKyI0 KOOPAUHAIHIO
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¢ reomerpueit [1+4+1]. ITomudaper VOs u VOs o0pasytot nzonupoBanubie gumepsl [V2010] uepes

OIMHOYHYIO CBsi3Ky (LM NA4* Oy [1aly/4

Cu(VO),(AsO,), Cu(V0),(PO,), a-Co(VO),(PO,), B-Co(VO),(PO,), Ca(VO),(PO,),
(c) (d) (e)
o1 03
os'\jg): Ouﬁ\\“x‘.ﬁi
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2D layer L 1D chain 1
[1+a+11\/a+ O, (14441144 [1+4+1]\f4+_Qy,-[1+4+1]y4+
[1+4+1]V4+_voeq_[1+4+1]V4+
0-Sr(VO),(AsO,), Ba(VO),(PO,),
(9) (h)

1D chain 0D isolated dimer 0D isolated dimer
(14441144 O g -L1+4+ 114+ (14441144 O o L1+4411V/4+ [1+4+1]y4+_ Oy, -[1+4]\4+

Pucynok 62. BanamuibHble KOMIUIEKCHI U CBs3kH V-O-V B KPHCTAIUIMUECKUX CTPYKTypax
cemeiictBa M?*(VO)2(TO4)2 (M = Ca, Co, Ni, Cu, Sr, Cd, Ba, Pb; T =P, As).

CunpHoe uckaxenue okrtadapa CuOs B kpucraumdeckor crpykrype Cu(VO)2(AsOs)2
XapakTepusyercs 3HaueHneM Aoctx10° = 20.44 (Tabn. 22). OTo 3HAYEHHE HA MOPSIOK MPEBBIIIAET
HCKaXeHUsT OKTad3ipoB MOs B COEAMHEHHSIX, MEPEUHUCICHHBIX B MNpuiokeHun 4.6.6. CunbHbIN
>pdexr Su-Temmepa xatmomos Cu?* B Cu(VO)2(AsOs)2, BeposATHO, SBISETCS NPUUMHOM
00pa30BaHuUs OPUTHHAIIBLHOTO, IO CUX MOP HUKOTa He COOOIIABIIET0Cs THIA CTPYKTYPHI.

Ta6auna 22. Uckaxenue oktadapos MOg B kpucTanmmyeckux cTpykrypax M2 (TO4)2(VO)..

CoennHeHue Aoctx103 CchuKa
CuOs MOs
Cu(VO)2(AsO4), | 20.44 JanHas paboTa
Cu(VO)2(POa)2 5.73 Benser et al., 2008
a-Co(VO)2(POs):2 0.10 Benser et al., 2008

B-Co(VO)2(POa4)2 0.05 Kaoua et al., 2009
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a-Ni(VO)2(POa)2 ‘ 0.08 ‘ Kaoua et al., 2009

B- Ni(VO)2(POa4)2 1.87 Benser et al., 2008

4.6.4 Maruutusbie cBoiicTBa Cu(VO)2(AsOa4):2

HamaruuuyeHHocTh, 3aBHCAINAs OT TMOJS, U TEMIEpaTypHas 3aBUCHUMOCTh MarHUTHOMN
BOCIPUMMYHMBOCTH HU3MEPSUINCh HA CKOIUIEHUM CIy4ailHO OpUEHTHUPOBAHHBIX KPHUCTAIOB
Cu(VO)2(AsOs)2 obmeit maccoit okomo 0.15 wmr. M3mepeHuss NPOBOAMINCH C IMOMOIIBIO
marautoMerpa MPMS 3 mpowusBoacrea Quantum Design. MarHuTHbIE CBS3M OBUIM TOJYYEHBI C
IIOMOIIBIO TIpoLEeAypbl oToOpakenust (Xiang et al., 2011) u3 HOJHBIX SHEPrUuil KOJIMHEAPHBIX
CMHUHOBBIX KOHpuryparwii, monydenusix B [10 FPLO (Koepernik, Eschrig, 1999; Perdew et al.,
1996). Koppensmuonnbie 3¢hdexkTsl yduThBaIUCHL Ha cpenHenoineBomM DFT+U  yposHe ¢
MCIIOJIb30BaHUEM THUIMYHBIX 3HAYEHUM KYJIOHOBCKOIO OTTainkuBaHusa Ha Mecte Ucy = 9.5 3B u Uy =
5B, cBa3u Xynna Jey = Jv = 1 3B. KpoMe Toro, BO3MO>KHBIH HAKJIOH CIIMHA ObLT ITPOAaHATH3UPOBAH
C TIOMOIIbIO HEKOJUTMHEAPHBIX pacyeToB, BhIMOTHEHHBIX B Kojie VASP (Kresse, Furthmiiller, 19964,
1996b). Kondurypanun KoJUTMHEAPHBIX CIIMHOB OBLIH 0CIa0JICHBI, YTOOBI YUECTh HAKJIOH CITHHA.

Marnurhas BocipuuMuuBocTb Cu(VO)2(AsOs)2 neMOHCTpHPYET MapaMarHUTHOE ITOBEICHUE
U Jocturaet noctossHHoro 3HaueHus Huwxke 30 K (puc. 63). Annpokcumanus Kropu-Belicca mexay
60 u 200 K naetr napamaruutHsblii 3¢ dextuBHbi MoMeHT 1.54 pp/f.u. u remneparypa Kropu-Beiicca
18 K. OtoT 3(p(pexTUBHBIE MOMEHT MPUMEPHO COOTBETCTBYET OJHOMY HMOHY CO CIIMHOM Y2 Ha
dbopmynpHyto equHUIy (3¢ dexTuBHBIA MOMEHT 1.73 UB), B OTIMYME OT 3 MOHOB CO CIIMHOM 72 Ha
bopMyNIBHYIO €MHHUILY, OKUAaeMbIX, Koraa 1 Cu?t, u V4 apnsroTcs MarHUTHBIME. 3aBUCSIIAS OT
II0JI1 HaMarHM4YEHHOCTh, M3MepeHHas npu 2 K, Mmoka3bIBaeT pe3Koe yBEIMUYEHHE, 33 KOTOPBIM
cienyer ropasnio 6osee MeaneHHoe JuHeliHoe yBenuueHue Boie 0.5 Ta (puc. 63, BcraBka). Takoe
MOBE/IEHNE XapaKTEePHO i aHTU(eppoMarHeTuka co caabbIM HECKOMIIEHCHPOBAHHBIM MarHUTHBIM
MOMEHTOM. J[efiCTBUTENHO, 3HaUeHNE HACKIIeHUs cocTaBisieT okoio 0.02 pp/f.u., yTo 3HAUNTETHHO

ke 1 UB, OKHAACMOI'0 Jid MOHA CO CIIMHOM 1/2, u3 UB, OKHJACMOI'0 IJIsI BCEX NOHOB CO CITMHOM Y

B CTPYKTYpe.
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Pucynok 63. 3aBucsmias ot Temmeparypsl MarautHas BocrnpuuM4uBOCTH Cu(VO)2(AsOs)2,
n3MepeHHas B npuiioxkeHHoM nose 7 Ti. tpuxoBas nuaus — annpokcumanus Kropu-Beiicca. Ha
BCTaBKE MTOKa3aHa HAMarHM4eHHOCTh B 3aBUCUMOCTHU OT noJist ipu 2 K.

YroObl MHTEPNPETUPOBATH JAHHBIE O HAMAarHUYEHHOCTH U OOBSICHUTh HEOXKUJIAHHO HU3KHE
MarHUTHBIE MOMEHTHI, Ha0IIF0JaeMbIe B OKCIIEPUMEHTE, HAMU OBLIM BHIYHCICHBI OOMEHHBIE CBSI3H C
nomotieio DFT pacueroB. Tak, Obuto oOHapykeHo, uto B MarHeTusme Cu(VO)2(AsOa)2
npeoOrnanatoT antTudeppomMarautHas cBsizb Cu-V Jeuv~ 257 K u ¢peppomarautHas cBsizp V-V Jv.v
~ -277 K. BMecTe 3Tu cBsA3U 00pa3yioT hepprMarHUTHBIE IIOCKOCTH, Tie ciiuHbl V4 napasienbHbl
JPYT APYTY U aHTHHapamIensHsl crraaM Cu?t, B pesy/abTaTe 4ero cyMMapHBIii MOMEHT COCTABIISET
1 ppf/fu. (puc. 64). B TemmepaTypHOM Juamna3oHe Hamied anmpokcuMaiyu Kropu-Beticca
(beppyMarHuTHbBIE CIIMH-CIIMHOBBIE KOPPEISALMHM YXe ycTaHaBauBaroTcs. IloaToMy MarHuTHas
BOCHPHUUMYHBOCTh HE HCCIEAyeT OTAeNbHbIE MapaMarHuTHele MomeHnThl Cu?* u V4, a
annpokcumanus Kropu-Beiicca nuxe 200 K Bo3Bpaliaer 3HaueHue, yKa3blBarolee Ha CyMMapHbIi

MOMEHT (heppUMArHUTHON TIJIOCKOCTH, OJUH CIIUH-Y2 Ha (OPMYIBHYIO €UHUILY.
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Pucynoxk 64. Kpucrammueckass crpykrypa Cu(VO)2(AsOs)2 M cOOTBETCTBYOLIas CHHHOBAs
pemietka ¢ (QeppOMarHUTHBIMU  B3aUMOJEHCTBUSMH Jv.v U aHTU(EeppOMarHUTHBIMU
B3aMMOJICHCTBUSIMU  Jcuv, KOTOPBIE COBMECTHO OO0pa3yloT (eppUMarHUTHBIC ITUIOCKOCTH.
OpueHTals CIMHOB YKa3blBaeT Ha HampaBleHHE BAOJb C B COOTBETCTBHH C KOH(pUTypalueu c
HaMMeHbIIIeH dHepruei, Haiaennoi B DFT. CiiaOblii HAKJIOH CITMHA M/ET BIOJb HAMpaBiieHus b u B
ATOM MPOEKIIUU HE BUJICH.

Humxe 50—60 K B3aumoneiictBue Mexay (heppUMarHUTHBIMHM IJIOCKOCTSMHU IOCTEIEHHO
CTaHOBUTCA Bce OoJiee BaXKHBIM. 371€Ch 0)KUJAeTcsl, 4To Oojee cinadble aHTU(hEePPOMAarHUTHBIE CBS3U
V-V cTaOuimm3upyoT MOJTHOCTHIO CKOMIICHCUPOBAHHYIO MarHUTHYIO CTPYKTYpPY, B TO BpeMsl Kak
9KCIIEPUMEHTAIBHO MbI OOHApYXHBaeM HeOOJBINON HecKoMeHcHpoBanHblii MomMeHT 0.02 ug/f.u.
3TO0 MOXHO OOBSCHUTH cIa0bIM OTKJIOHEHHEM CIIMHA OT YUCTO aHTH(EeppOMArHUTHOM CIIMHOBOMN
KOH(UTYypanuu. ITa TUnoTe3a Obuia MpoBepeHa ¢ BLIOOPOM KOJUTHHEAPHBIX MATHUTHBIX CTPYKTYP CO
CMMHAMM, HAMpPAaBJICHHBIMH BIOJb &, D Wi C, W C JIONYIICHHEM HANpPaBJICHUSIM CIIHHOB
penaKcupoBaTh 10 TEX MOp, MOoKa He OyIeT TOCTUTHYT MUHUMYM 3Hepruu. Kak npu S||a, Tak u npu
S||C criMHbBI HAKJIOHSIFOTCS U Pa3BUBAIOT CIa0BI HECKOMITECHCHPOBAHHBI MOMEHT BJIOJIb HATIPABIICHHS
b. Camas Hu3KO’HepreTnyeckas KOHMUTypalus HaigeHa sl S|IC ¢ HECKOMIICHCHPOBAHHBIM
momentoM 0.03 up/f.u. B xopomem comtacuu ¢ 0.02 pp/f.u., koTOpbIil HaGMOmACTCS
SKCTIepUMEHTATbHO. CITMHBI Cu®* u V* Haxnonsrores Ha 4.9° 1 -4.0° COOTBETCTBEHHO, TOI/Ia KaK

BHYTPHU Ka}KI[Oﬁ IoAPCIICTKU CIIMHBI OCTAIOTCA MPAKTUYCCKH KOJUIMHCAPHBIMHU. C.]'IGI[OBaTeJ'IBHO,
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HAKJIOH CIIMHA CJIEJyeT OTHECTH K aHM30TPOIHBIM B3auMoJeHcTBUsAM JI3sutommHcKoro-Mopusi Ha
ca3ax Cu-V, Jeuv (Ginga et al., 2022a).

WuTepecHbIM TIpencTaBiseTcss TOT (akT, dYTO HEOObIYHAs CTPYKTYpHas TOMOJIOTHUS
OCCKOHEUHBIX CJIOEB BAaHAJMEBBIX OKTa’JIPOB HE HMMEET HENOCPEICTBEHHBIX IOCIEACTBUIN IS
maraetzMa Cu(VO)2(AsOs)2. Cpenu 6mmkaiimmx coceneit V-V ¢ paccrosausmu 3.236 A u 3.500
A Tonbko mocieqHuil BRI3BIBAET CUIBHYIO CBA3b Jv-v ((PepPPOMATHUTHYIO), B TO BpeMs Kak HepBbIii
KOHTAaKT MPHUBOJUT TOJILKO K CJIa00i aHTH(EPPOMArHUTHON CBS3U. ITO HECOOTBETCTBHE CIIECIYET
OTHECTH K TIONOXKEHMIO BAaHAAMIBHBIX CBA3eH M, CIeNOBATENbHO, MATHUTHEIX opbuTamein V4,
nonobno o-KVOPOs, roe crpykrypHble 1enodku OKTadapoB VOs pacHiemisiioTes Ha
(deppomaruuTHbie crimHOBbIe auMepbl (Mukharjee et al., 2021). Ananoruuno, B Cu(VO)2(AsO4)2
OCCKOHEUYHBIC CTPYKTYpPHBIC CJIOM BAHAJMEBBIX OKTA3JIPOB PACIICIUISIOTCS Ha (eppOMAarHUTHBIC
3UT3aroo6pa3Hble CIIMHOBBIE IETIOUKH, KOTOpHIE Jafee CBA3aHkl yepe3 HoHbsl Cu?”,

[IpencraBieHHbIE pPE3yJbTaThl IMOKAa3bIBAIOT (OPMHUPOBAHUE HEOOBIYHOW T'€OMETPHH
B3aMIMOJICHCTBHS 32 CUET CMEIIMBAHHUS PA3IMYHBIX HOHOB CO CIIMHOM Y2 B KPHCTaUIMYECKOU
crpykrype Cu(VO)2(AsOs)2. DT0 cMelleHHE NPUBOAUT K Pa3JIMYHBIM MArHUTHBIM CBSI3SIM,
dbeppoMarauTHRIM Mexny noHamu V4 u anTH(eppoMarHnTHEIM Mexay noHamu Cu?t u V4. Dro
MOKeT OBITh MHOrooOemaromei miathopMoil s pa3pabOTKU HOBBIX HHU3KOPa3MEPHBIX H

KBAHTOBBIX MAIrHUTHBIX MAaTCPUAJIOB.

4.6.5 TennoBoe pacumpenne HoBoro Banaguia-apceHara meau Cu(VO)2(AsOa4)2

Tepmuueckoe  paciIupeHue Cu(VO)2(AsOa): ObLIO UCCIIEIOBaHO METO/I0M
BBICOKOTEMIIEPATYPHOH PEHTTEHOBCKON JIU(PPAKIMU MOHOKPHCTAIOB C  HCIIOJIb30BAaHHEM
mudpaxtomerpa Rigaku XtaLAB Synergy-S, ocnamennoro nerekropom PhotonJet-S. boun BeiOpan
TeMHO-cuHu# Hernpo3padnbiii MoHOKpUCTaLT Cu(VO)2(ASO4)2 ¢ pazmepamu 100x80%30 um, u amst
Hero Ob110 cobpaHo 6ostee momychepsl JaHHBIX ¢ IMUPHHOM Kaapa 0.50° mo o u 3aTpadeHo 1.6 cexyHa
JUI KaXJI0ro Kazapa. JlaHHble OBITM WHTETPUPOBAHBl M CKOPPEKTHPOBAHBI HAa IIOTJIONICHHUE C
IPUMEHEHHEM MO MYJIbTHUCKAaHUPOBAaHUS C UCHoJb30BaHueM mporpamm Rigaku Oxford
Diffraction CrysAlis Pro. /laHHbIE BBICOKOTEMIIEPATYPHOTO MOHOKPUCTAJUINYECKOTO aHaIN3a ObUIN
IIPOBEJEHBI HA 3TOM € Kpuctaje B uHTepBaie temneparyp oT 300 mo 825 K ¢ marom 25 K ¢
ucronp3oBanueM cuctembl «Hot Air Gas Blowers» nns crabmunm3anuu Temrmeparypbl oOpasma
ra3oBbIM ITOTOKOM. TeMIiepaTypHbIi KOHTPOJIb KPHUCTAUIa B KaXJAOW JKCIEPUMEHTAIBHONW TOYKE
ocylIecTBIsICS B TedeHue 15 munyT B nuanaszone temnepatyp 300-500 K u B reuenne 10 munyT B
nuanasone 500-825 K.

Kpucrammuaeckas ctpykrypa Cu(VO)2(AsO4)2 npu pa3andHbIX TEMIIEpaTypax Oblia yTouHeHa

¢ ucnosib3oBanueM naketa nporpamm SHELXL (Sheldrick, 2015). B untepsane remneparyp ot 300
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no 800 K xpucrammndeckas ctpykrypa Cu(VO)2(AsOs4)2 yTOYHSIACH B JOMYCTUMBIX Ipeaciiax
kpuctamorpadpuyeckux 3HaueHuit (R1 = 2.4 — 5.9 %, S ~ 1.00). Beime 750 K unTEHCHBHOCTB
pedIIeKCOB MOCTENIEHHO CHIYKAJIACh, YTO CKa3bIBaJOCh Ha 3HaueHHMAX Rint. Tak, mis Temmeparyp
Bbiie 750 K Rint > 8.7%. B okonuarensubix u3mepenusix npu temneparype 800 K Rine = 8.75 %, a
pu 825 K Rint = 8.88 %. IIpu nanbueiimem Harpese Boime 825 K Habmromancs pacnaj HCXOIHOTO
kpuctamia Cu(VO)2(AsO4)2, pediekcsl Ha JaibHEHIINX AU(paKTOrpaMMax OTCYTCTBOBAJIH.

B xone skcnepuMeHTa KpHUCTasl B KalmWUIApe M3 KBAapLEBOrO CTEKJIa ObUT 3aKperuicH
BEPTHUKAIBHO BBEPX, & CHU3Y YACPKUBAETCS TOHKOM KBapiieBoi TpyOkoii. B pe3ynbTare HarpeBaHus
kpuctaut Cu(VO)2(AsOs)2 n3menni 1set ¢ TeMao-cuHero mpu 300 K Ha TeMHO-00p10BbIi TpH 825
K (puc. 65). B unrepsane temnepatyp ot 300 1o 800 K n3meHeHMii BHEIIHETO BUAA KPUCTAUIA HE
HaOmoanocsk. [Ipu 825 K noeepxuoctu rpaneit Cu(VO)2(AsO4)2 cranu BITISACT PHIXJIbIME. [Ipu
9TOM TeMIeparype Kars paciijlaBa 3aMETHO CTEKJa MO TOHKOW KBapleBoil TpyOke. M3meHeHHe

oxpacku kpuctamia Cu(VO)2(AsOs), yka3biBaeT Ha OKHCIEHHE BAHAIHUSA B COCTOsIHHE V°F.

300 K 825 K

Pucynok 65. ®ororpaduu kpucramia (ooBeaens! uepHoit munueir) Cu(VO)2(AsOs)2 mpu pazHbIX
TEMIEpaTypax, IOJyYeHHbIE BHJIEOKaMEpOd MOHOKpHUCTaNInuecKoro audpaxkromerpa Rigaku
XtaLAB Synergy-S.

TemmneparypHble 3aBUCUMOCTH JIMHEHHBIX M YIJIOBBIX MapaMeTpOB 3JEMEHTapHOW sS4elKu
Cu(VO)2(AsO4)2 x0po1I0 anmpoKCUMHUPYIOTCSI THHEHHBIMU TIOJTHHOMAaMH, TIPEICTABICHHBIMU HIKE:

a(T)= 8.36251 + 0.71164-10* T
b(T)= 4.91799 + 0.31878-10°4-T
¢(T)= 9.06913 + 0.60021-10*4- T (12)
B(T)=108.08515 - 3.22417-1074-T
V(T) = 354.37091 + 87.80213-10 4T
PaccuurtanHbie KOB(I)(bI/ILII/IeHTBI TCIIJIOBOT'O paCHIMPCHUA U OpUCHTALUA TCH30pa TCILJIOBOT'O

paciipeHusi oTHOCHTENbHO Kpuctamtorpadpudeckux oceid st Cu(VO)2(AsOs)2 mpuBeneHsl B
npuitoxkeruu 4.6.8. Temnosoe pactmpenue Cu(VO)2(AsO4)2 anuzorponHo (puc. 60) [aa = 8.49(1),
op = 6.47(2), oc = 6.61(2), av = 23.43(5) x 10° K1]. Kpucranmmmueckas crpykrypa Cu(VO)2(AsO4)2
pacumpsieTcs IPeruMYyIIeCTBEHHO BI0JIb OMCCEKTPUCHI yria B (och a11). Habmromaemas aHu3oTponus
tepmudeckoro pacmupeHuss Cu(VO)2(AsOs)2  sBisieTcss  CIACICTBHEM W3MEHCHHUS  YTJIOBBIX
nmapameTpoB, HE (UKCHUPYEMBIX CHMMETPHEH — CABUTOB. YTON [ cTpemuTtcs K 3HadeHHio 90° B

COOTBETCTBUU ¢ KoHIenuer dunatora (2011).
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Pucynok 66. Temneparypubie 3aBucumoctu mapamerpoB Cu(VO)2(AsOs). B unrepsaie 300 — 825
K.
Kpucraiummyeckass  crpykrypa  Cu(VO)2(AsOs)2  cOOCpKUT — KECTKHE  apCCHATHBIC

Terpasapuueckue rpymmsl (AsOs)*, B KOTOPBIX JIMHBI CBSI3eH M yruibl c1ab0 H3MEHSIOTCS C
TIOBHIIIEHNEM TeMIepaTyphl. MakcuMmanbHOE TemnoBoe pacmmpenue (a1 = 11.61(6)x10° K1)
corjiacyercs ¢ HanpasjieHueM oTTankuBanus katnoHoB Cul u V1 (puc. 60b). B pesynbrate Hanbosnee
3aMETHO YBeJIMUMBarOTCs MexkaToMuble pacctossHust Cul—-01 (A =0.041), Cul-03 (A=0.024), Cul-
V1 (A = 0.024) u V1-03 (A = 0.035). Kpome Toro, Brons az (6.45(1)x10° K1) nponcxomut
yBeJIMUeHNE 3HAUeHHs JUIMHBI cBsi3u V1-02; (A = 0.020) B 1*#V4 01414 cpgske. Takum
o0pa3oM, ¢ TIOBBIIIEHHMEM TeMmIeparypbl KoopauHaims [l+4+1] Banamus crpemurcs K
KOOPJIMHAIIMOHHON TeoMeTpuu [1+4]. M3MeHeHHne IIMH CBSI3€M B KPUCTAIMYECKON CTPYKTYpE
Cu(VO)2(As0s)2 npuBeaeno B npuioxenun 4.6.9. KoopauHalinoHHOE OKPYKEHHE KaTHOHOB IPH

pa3HBIX TeMIIepaTypax MpeACcTaBiIeHO B npuioxeHuu 4.6.10.

4.7 BriBoabl

Kpucramnmaeckne  ctpykrypsl  0-CusO2(VO4)ClI (1), B-CusO2(VO4)CI (2),
Cus02(VO4)2:(KCl)os (3), CusO2(VO4)2:(CuCl) (4) u CugO2(V0O4)4Cl2 (5) ocHOBaHBI Ha KOMILIEKCAX
OKCOIIEHTPUPOBAHHBIX TETPAdPOB C PA3IUYHBIMH KOMOWHAIMSIMA THIIOB CBSI30K (BEpIIMHHBIM,
pebepHbIit). Camasi BBICOKOCUMMETPUYHASI CTPYKTypa 4 W3 TPEICTABICHHBIX, OTBEYACT TOJIBKO
BepIIMHHOMY (3 BEpIIMHBI) THITY CBA30K TeTpadapos [OCUs]®* u nemonctpupyer 2D cion [02Cus]®,
B KOTOPBIX pealnu3yercs YIOPSJOYCHHOCTh Karome, CBs3aHHAas C BO3HUKHOBEHUEM
dpycrpupoBannoro maraetusma (Shores et al., 2005; Kohno et al., 2007; Balents, 2010; Starykh et
al., 2010; Lacroix et al., 2011; Gnezdilov et al., 2012).

Tak, ponb THIA CBSI30K OKCOIIGHTPUPOBAHHBIX TeTpadapoB [OCu4]®" mambonee marmsmmo

nposieisiercst B nape o- U P-CusO2(VO4)Cl. 3mecy mis 1 ycraHaBiIuMBaeTcss HCKIFOUUTEIBHO
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peOEpHBI THIT CBA30K, YTO MPUBOAMT K 0OpazoBanuio 1D memouek [O2CuU4]™, B KOTOPBIX B KauecTBe
CTPYKTYPHOI €IMHHUIIBI MOXKHO BHIIETUTh aumephl [02Cus]*". B cryuae sxe coenuHeHns 2, KOTOpOE
HE UMEET HU CHHTETUYCCKUX, HU TIPUPOTHBIX aHAIOTOB, IIPOUCXOIUT CBSI3KA TETPAdAPOB U 1O pedpy,
M 10 BEpIIMHAM, IPOTHBOJEKAIMM eMy. Takum oOpasom, dopmupyercs 2D cmoit [02Cus]*, B
KOTOPOM MOJKHO BBIIETHTH Te %ke auMepsl [O2Cus]*, uTo B ero o-MoxuduKarmy.

Ha npumepe coeauHeHust 3 MOKHO YBHJIETh CJICICTBUE B3aUMOICHCTBHUS TETPAdIPOB C Pa3HBIM
1>

TUTIOM CBSI30K. 31ech, TeTpadapbl [O1Cus]®™ meMOHCTPUPYIOT CBSI3KM 1O JIBYM BEpIIUHAM, KaK B

coequuennn 5, Torma kak [O2Cus]®* peanmsyrorT cBa3kM 1o pebpy M HPOTHBOIEKAIIUM €My

BepIlIMHAM, KaK B coequHeHun 2. B pesynbrare dero oOpazyrorcs ampubdonononoOusie 2D-eHTsI
[O2Cus]®*.

B camoli HM3KOCUMMETPUYHOW KPHUCTAUIMYECKOW CTPYKTYpe 5 [BE MEIHbIE BEPLIMHBI
Tetpa’apoB [OCuU4]®" ydyacTByloT B OpraHM3amuy BEpLIIMHHOTO THIIA CBA3KHM TaKMM 0Opa3oM, dTo
dopmupyrorcs 1D nenouxu [O2CuUs]®", koTOpBIe ABNAIOTCS pa30OIIEHHBIMI TOYHBIME (hparMeHTaMu
karome cioes [02Cus]®" B kpucrammueckoii crpykrype 4 (Kornyakov et al., 2021). ITo pe3ynsraTam
MCCIICIOBAaHH BHICOKOTEMITEPATYPHOTO MOBEICHHSI COeNMHEHH 4 1 5 OBIJIO yCTAaHOBJIICHO, YTO IS
5 ¢ TIOBHIIIEHNEM TeMIIepaTyphl HaNpaBIeHHs MaKCHMATbHOTO pacimpenus (<ai1> = 48.8(6)x10°
°C™Y) u cxatms (<ass> = — 16.3(2)x10° °C™) oTBewaroT MOBHIITEHHIO CHMMETPHH CO CTPEMIICHHEM
koHdurypanuu 1D nenouxu [O2Cus]®* x xordurypamuu 2D cios [0Cus]®*. He menee untepecHsie
pe3yabTaThl TEPMUIECKOTO MOBEACHUS OBLIN MOMYYEHBI Ui 4, XapakTep paclIMpeHusi KOTOpOro ¢
TIOBBILIEHUEM TEMIIEPATYPhI MEHSETCS OT aHu30TpornHoro (mpu 100 °C: 011 = az2 = 0.96(2)x 106 °C™?
1 o33 = 8.30(2)x10° °C ™) 1o mourn m3otponHoro (mpu 500 °C: 011 = az2 = 8.69(4)x10° °C ! u ags =
8.27(2)x10® °C™). ina 4 makcuMmanbHOE pacIIMpeHHe B0 033 HAOMIOIACTCS MEXKTY CIOSMH
OKCOLIEHTPUPOBAHHEIX TeTpadapoB [02CUs]®*, Torma kak B mpemenax 3THX CJIOEB pacIIMpPEHHE
U30TPOITHO U MeHee nHTeHcuBHO (Ginga et al., 2022D).

TakuM 00pa3oM, MOXKHO MPUHTH K BBIBOMY, YTO JUIsI OOpa30BaHUS OKCOIICHTPUPOBAHHOTO
KOMIUJIEKCa ¢ TOHMKEHHOW pa3MepHOCThIO (1D) mocTtaTouHo yyacTue B CBA3KE JIBYX 2JIEMEHTOB, Kak
B caydae CugO2(VO4)4Cl2 (5) aByx BepmmH, a B 0-CusO2(VO4)Cl (1) mByx pebep. s
dopmMHpoBaHUs Ke KOMIUIEKCa, OTBedaroulero Oojiee BBICOKOH pasMepHoctu (2D), B cBsske
HEOOXOIMMO yJ4acTHE JOMOTHUTEIBHOTO TPETHETO dIeMeHTa, Tak, s 3-CusO2(V04)Cl (2), nomumo
JIBYX BEPIIUHHBIX CBS30K, TPETHUM 3JIEMEHTOM CIYXXHT JOTOJHHUTENbHAs CBsi3Ka 1mo pebpy. s
Cus02(VO4)2:(CuCl) (4) TpeTbuM 3IIEMEHTOM CIYXKHUT JOMOJHUTEIbHAS CB3Ka 110 BepiuHe. Torma
kak st 2D-nenrounoro kommiekca CusO2(VOs)2-(KCl)os (3) TpeTbuM 311€MEHTOM BBICTYIACT

otaenbHbil TeTpasap [02Cus]®, momonmsiommii o6umii HAGOP BO3MOXKHBIX CBA30K TeTpasapa

[01Cu4]®.
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PaccmoTpenmne KpUCTaUIMUECKUX CTPYKTYp 1-5 B TepMUHOJIOTMU aHMOHOIIEHTPHUPOBAHHBIX
HOJIMAIPOB HE CTOJBKO 0ojee HArsiiHO U yA0O0HO, MO CPAaBHEHHIO C KaTHOHOIIEHTPUPOBAHHBIM
NPEJCTaBICHUEM, CKOJBKO HEOOXOAMMO JJsi JWAarHOCTUKM W aHalk3a MPOSBISAEMBIX TAaKHMHU
COCIMHEHUSMU (PU3NYECKUX CBOMCTB. Tak, I COEAMHEHUS 5 BCIEACTBHE PACCMOTPEHUS
KPUCTAJIMYECKONH CTPYKTYphl B OKCOLIEHTPUPOBAHHOM NPEICTaBICHUM Hauboyee ONTHMaibHO
OTIHCBIBACTCS XapaKTep U PacIoI0KEHNE MATHUTHBIX B3aUMO/ICHCTBHIA MKy MEAHBIMH [ICHTPAMHU.
Tak, s CugO2(V04)4Cl2 HabmomaeTcss KOHKYPEHLUS MEXTy OMmKaliuMu (heppOMarHUTHBIMH H
OnxailiuMu  aHTU(GEPPOMArHUTHBIMA B3aUMOJICHCTBUSMU, MPEMSTCTBYIONIAs KOJLTMHEAPHOMY
dbeppuMarHuTHOMY MOPSIIKY, TOTAa Kak B3auMoieiicTBHE OoJiee yAaIeHHBIX JPYT OT Apyra COCEAHUX
MEHBIX [ICHTPOB IIPUBOJIUT K CIIMHOBOMY KaHTHHTY (Siidra et al., 2020).

Coenunenne Cu(VO)2(AsOs)2, monyueHHOE B XO/€ 3KCIIOPATUBHOTO CHHTE3a B CHCTEME
CuO-V0O2-As20s, neMOHCTpUpPYET HE MEHEE UHTEPECHBIE PE3YNbTaThl U3YUCHUS KPUCTAITMUECKON
CTPYKTYphI U (pusnueckux cBoicts (Ginga et al., 2022a). Byayun poACTBEHHBIM COSAMHEHUEM JIJISI
cemeiictBa cTpykTyp M2?*(V0)2(TO4)2 (M = Ca, Co, Ni, Cu, Sr, Cd, Ba, Pb; T = P, As),
Cu(VO)2(AsOs)2 nMeeT yHUKaJIbHBIA CTPYKTYpPHBIA THII, OCHOBAHHBIA Ha CJIOSX BaHAJUEBBIX
oxTa31poB VOs, 06pa30BAHHBIX TIPH YUACTHHU JBYX OTIHUHBIX JPYT OT APYyra cBA30K 4 \V4 - Ogq-
[+l [ O 1V4* | onoGHas KOMOMHAIMS CBSI30K paHee He COOOIIANach.
[TockombKy B KPHCTAa/LIMUECKOH CTPYKTYpe MMEIOTCS IeNbIX JBa MarHHTHBIX HoHa Cu®" u V4,
MarHeTH3M JaHHOTO COEJIMHEHHS CBSI3aH ¢ KOHKYpPEHIIMEH pa3IMYHbIX MATHUTHBIX B3aMMO/ICHCTBHIA.
Tak, sKcriepuMeHTaIbHO ObLTO ycTaHOBIEeHO, uyTo B MarHetusme Cu(VO)2(AsOs)2 mpeobiamaroT
anTudeppomarautHoe B3aumoeiicreue Cu-V Jeu-v~ 257 K 1 peppoMarautHoe B3aumoaencTere V-
V Jv.v~ -277 K, 06pa3sys apyr ¢ Apyrom GeppEMarHUTHBIE IIOCKOCTH, Te ciuHbl VA mapannensHe!
ApYr Apyry ¥ aHTHTapamlensbl cmuHam Cu®’. B mammeIX miockoctsx cmmael Cu?t m V4
HakJIOHAIOTCS Ha 4.9° u -4.0° COOTBETCTBEHHO, TOTJa KAaK BHYTPH KaXIOW MOJPEIIETKH CIUHBI

OCTArOTCA NPAKTUYICCKH KOJIJIMHCAPHBIMU.
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OcHoOBHbIE pe3y/IbTaThI

B PE3YIbTAaTEC BBIIIOJIHCHHBIX 3KCIICPUMCHTOB MOXHO IIOJABECTHU CICAYIOIIUEC HUTOTH HaHHOﬁ

pa6OTBI. B paMKax TeopeTquCKOﬁ qaCTu AAaHHOI'o HCCIICIOBaHUA ObUIH PacCMOTPECHEBL o6ume

MMPCAIIOCBUIKH PACIIPCACIICHUA BaHAAWA B IMPHUPOAC U OGH_II/IC ACIICKThBI 3JICKTPOHHOI'0 CTPOCHHA U

CBSI3aHHBIX C HUM MarHUTHBIX cBOMcTB HoHOB CU?" 1 V4*. B cucteme CuO-V20s-CuCl; nomyueHo 5

HOBbIX coemuHeHuid, a B CUO-VO2-As;Os - omno. CuHTE3 HCCIEIOBaHHBIX B JaHHOW paboTe

coequaenuii 1-5 u Cu(VO)2(AsO4)2 OCYyMIECTBIAICS METOAOM XHMHUYECKHX Ta30TPAHCIOPTHBIX

peakuuii Ipu YCIOBHSX, OJM3KUX K MPUPOAHBIM. KpoMe CHHTETHUYECKMX COCJUHEHUN B TaHHON

pabote Tarkke ObLT HM3ydeH NpupoaHblid obOpaser domasdoptura CuzV207(OH)2:2H20. Takum

06pa30M, MOKHO BBIICIUTL CICAYIOIIHNE OCHOBHBLIC PE3YJIbTAThI JaHHON HCCIeIOBaTCIbCKOM

paboTHhI:

1.

UYeThblpe M3 MIECTH HOBBIX COEIWHEHHH SIBISIIOTCS aHAJIOTAMH SKCTASIMOHHBIX MHUHEPAJIOB
OKCOBaHaIaT-XJIOPUJOB MEJIH, TOTJa KaK J[Ba COCMHEHUSI OTHOCSTCSA K HOBBIM CTPYKTYPHBIM
TUIIAM.

Kpucrannnueckue CTpyKTYpbl ISTH U3 IIECTH HOBBIX CUHTETHUECKUX COEIMHEHUH OCHOBaHbBI
Ha KOMIUIEKCAX OKCOLEHTPUPOBAHHBIX TeTpadapoB [OCUs]®* pasmmumoit pasmepHOCTH.
YcraHoBieHa HOBast ionuMmopdHas moaudukanus konapeuta -CusO2(VO4)Cl.

B pesynbrare BoimmonHenus 130 cunte3oB B cucteme CuO-V20s-CuClz ycranoBneHo, 4To
aHaJIOTH MMHEPAJOB OKCOBAHAJAT-XJOPUJOB MeAM OOpa3yloTcst B 00JacTH AMarpaMmbl C
npeobnananreM okcuaa meau CuO.

BricokoremnieparypHast TpaHchopMmaius (HonbOOpTHUTA, CHUHTETUYECKOTO aBEphEeBUTA U
CHHTETHYECKOTO SPOIIEBCKUTA XapaKTEPH3yeTCsl TIOATAIMHBIM MPE0OPA30BAHNEM B U3BECTHBIC
BaHA/1aThl ME/IM, BCTPEUAIOLINECS B BHICOKOTEMIIEPATYPHBIX (hyMapoJiaX ByJIKaHOB: CTOHOEpUT
[CusO2](VOa)2 (Shannon, Calvo, 1973c; Birnie, Hughes, 1979), uusur B-Cu2V207 (Mercurio
Lavaud, Frit, 1973; Hughes, Birnie, 1980), mak6upueut Cuz(VOa)2 (Hughes et al., 1987a),
¢unrepur Cus[CusO]2(VOa4)s (Hughes, Hadidiacos, 1985) u 6Gmoccur a-CuzV207 (Calvo,
Faggiani, 1975; Robinson et al., 1987).

BriepBble M3ydeHO TeruioBoe paciMpeHue (oabO00pTUTa, CHHTETHUECKUX SPOIIEBCKUTA M
aBepbeBUTA. JIJIs IEPBBIX IBYX BBISBICHO OTPUIIATEIFHOE TEIIJIOBOE PACIIHPEHHE.
MarautHple MOMEHTBI B CTPYKType cHHTeTHYeckoro sporieBckuta CugO2(V04)4Clo
YIOPSAIOYUBAIOTCS  aHTU()EPPOMArHUTHO C BBIPAKEHHOW KOHKYPEHIIMEH MAarHUTHBIX
B3auMmoneucTBuil. Ilpu 3TOM CoO37aeTCs HE CKOMIICHCUPOBAHHBIM MOMEHT, B PE3YJIbTATE
OTKJIOHEHUS] MArHUTHBIX CIIMHOB OT NapaJljIe/IbHbIX HAIIPABICHUN (CIIMH KAHTHUHIA).

B ctpykrype CUu(AsO4)2(VO)2 npucyTCTBYIOT CIIOH ¢ (epPOMArHUTHBIMU B3aUMOICHCTBUIMHU



127
V-V u antudeppomaruutHeivu Cu-V, 4TO OpUBOIUT K (PEeppUMArHUTHOMY TMOPSAKY B

npezenax 0JHOTO CJIOS U aHTH()EPPOMATHUTHOMY TOPSIIKY MEXIY CIOSMHU.

[lo pesynapTaTaM BBINOJHEHHOM pabOThl ObUIM  HANMUCAHBl  CJIEAYIOIIUE  CTaThH,

OIMyOJIMKOBAaHHBIE B PEIICH3UPYEMBIX HAyYHBIX JKypHaJax:

1.

Siidra O.1., Vladimirova V.A., Tsirlin A.A., Chukanov N.V., Ugolkov V.L. CugO2(VO4)4Cly,
the first copper oxychloride vanadate: Mineralogically inspired synthesis and magnetic
behavior. Inorg. Chem. 2020, 59, 2136-2143.

Kornyakov 1.V., Vladimirova V.A., Siidra O.l., Krivovichev S.V. Expanding the averievite
family, (MX)CusO2(T°"04)2(T>*= P, V; M = K, Rb, Cs, Cu; X= ClI, Br): Synthesis and single-
crystal X-ray diffraction study. Molecules. 2021, 26, 1833.

['uara B.A., Cuiinpa O.W., Yronkos B.JI., bybnosa P.C. YTouHeHHe KpUCTAIITUYECKON
CTPYKTYPBI U OCOOCHHOCTH TepMHueckoro moseneHus (oasdoptura CusV207(OH)2:2H20 ¢

mectopoxaenus Tros-Myton, Kuprusus. 3anucku PMO. 2021, 5, 115-134.

A Taxkxke B BUAC pYKOHHCGﬁ, IMMOAaHHBIX B XXYPHAJIbl 1 HAXOAAIINXCA HA 3TAllC pCUCH3UPOBAHUA

Ha MOMCHT IOJIa4Y1 JUCCEpTALlUU:

4.

Ginga V.A,, Siidra O.1., Breitner F., Jesche A., Tsirlin A.A. Chemical vapor transport synthesis
of Cu(VO)2(AsOa4)2 with two distinct spin-Y2 magnetic ions. Submitted, 2022a.

Ginga V.A., Siidra O.l., Firsova V.A., Charkin D.O., Ugolkov V. L. Phase evolution and
temperature-dependent behavior of averievite, CusO2(V0Oa.)2(CuCl) and yaroshevskite,
CugO2(VO4)4Cl2. Submitted, 2022b.
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Ipuioxkenus
Ipuno:xkenue 3.1. CpaBHeHHE KPUCTATIIOTpaQUUECKUX MAapaMETPOB MOJIUMOPGHBIX MOAU(PHUKAIIAN

donsbopTuTa CuzV207(0OH)2-2H20.
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Mpunoxenne 3.2. @ororpaduu odpasua poasdopruta CusV207(0OH)2:2H20 u3 mMectopoxaeHus

Tros-Myron (Kuprusus).

IIpunoxenne 3.3. Kpucrajuiorpapuueckue JaHHblE M HapaMeTpbl  yTOUHEHMS
CuzV207(0OH)2:2H20 u3 mecropoxaenus Tros-MyroH.
Pasmep kpucramna (Mmm) 0.07x0.07x0.02
[IpocTpancTBeHHast TpyNIIa C2/m
a(A) 10.617(3)
b (A) 5.884(1)
c(A) 7.204(2)
B(°) 94.559(5)
V (A% 448.6(2)
e 9.050
Dealc (I‘/CMs) 3.513
Jlnvua BomHb W3mydenus (A) 0.71073 (MoKa)
Wurepsain yrios 260 (deg.) 2.84 -26.92
He3zaBucumeie pediiekce 536
Pedexce ¢ |Fo| > 40F 473
Rail 0.0614
R1 0.054
S 1.105

cvmemennii (A?) B ponsbopruTe CusV207(0OH)2-2H20 n3 mectopoxnenns Tios-MyroH.

IMo3uumusa  C.B.C. X y Z Ueq
Cul 2.00 0 1/2 0 0.0132(5)
Cu2 2.05 1/4 1/4 0 0.0128(5)

\Y 495  0.4966(13) 1/2 0.2537(2) 0.0169(5)
01 1.89  0.3413(6) 1/2 0.1541(9) 0.0184(14)
02 201 0.0729(5) 0.2314(10) 0.1855(8) 0.0303(14)
03 2.14 1/2 1/2 1/2 0.052(5)
On 1.78  0.3418(6) 0 0.1167(8) 0.0119(12)
Ow 2.05 0.3228(10) 0 0.4807(12)  0.051(3)
H1 0.77  0.3489(6) 0 0.2532(1)  0.014(2)
H2 1.03  0.368(12) 0 0.592(10) 0.050*
H3 1.02 0.239(3) 0 0.45(2) 0.050*

TS

IIpunoxkenne 3.4. CymMMBbl BaJIEHTHBIX YCHJINN, KOOPANHATHI U U30TPOIIHBIE NTAPAMETPbl AaTOMHBIX
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Mpunoxenne 3.5. Pesynbratel mpodumisHoro anammsza ¢oapbopruta CuzV207(OH)2:2H0 wu3

MecTopoxacHus Tros-MytoH 1o mopormkoBbiM XRD naHHbBIM.

HHTEHCHBHOCTH

h« ﬁ

|
\N’l“'!l ,, , T M, y "\v

| | Il | AL e wn FL LI

1
1

ARV ) g et s e e e i Hangnd
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Ipunoxenune 3.6. Ilonocst B UK-cnexTpe ¢onpb0pTHTa, COMOCTABICHHBIE C JUTEPATYPHBIMU

nanabMHE (S — strong band, w — weak band, sh — shoulder).

ITooxkKeHHe MONOCHl, CM ™

Hamu nanssle  Chukanov, 2014  Frost et al., 2011 OTHECEHHUE T10JIOC

413 460 0—-V-0 nedopmainroHHbie KojicOaHUs

508 509 Cu—O BajieHTHBIE KOJeOaHUs

528sh 533 Cu—O BasneHTHBIE KOJICOaHHS

561 564 Cu—O BajeHTHBIE KOJeOaHUs

744s 749s 758 vz (VOs) aHTUCHMMETpUYHBIC  BaJCHTHBIC
KoJeOaHus

794sh 788s 801 vz (VOi) aHTHCHMMETpHYHBIC  BaJCHTHBIC
KoJIeOaHus

845s 849s 844 vz (VOs) aHTHCHMMETpHYHBIC  BaJCHTHBIC
KojeOaHus

897s 897s 903 v1 (VOs4) cumMMeTpryHbIe BaJICHTHBIE KOJICOAHMs

1025 1022 1023 & Cu—OH nedopmanrionnsie kosiebaHus

1081w 1061 6 Cu—OH nedopmanmonHble KOJIeOaHus

1112w 1095w 1097 6 Cu—OH nedopmarnronHbie KojicOaHus

1372w 1337 00epTOHBI U/WUJTK KOMOMHAITMOHHBIE MTOJIOCHI

1467w 1446 00epTOHBI W/WIIN KOMOMHAIIMOHHBIE MTOJIOCH

1613s 1612 1615 8 H20 nedopmannonnsie KoieOaHus

1641sh 1643 8 H2O nedopmanmonHbie KoneOaHus

1983 1990 00epTOHBI W/WIIN KOMOMHAIIMOHHBIE TTOJIOCH

2853w 2880 2854 v (OH) BaneHTHBIE KONEOaHUS

2922w 2924 v (OH) BaneHTHbIe KOJeOaHUSA

2960sh 2961 v (OH) BaneHTHBIE KOJEOAHMS

3315 v (OH) BaneHTHBIC KONICOAHUS
3435 3490 3467 v (OH) BaneHTHBIC KOJICOaHUS

3551sh 3532 3549 v (OH) BaneHTHBIE KOJEOAHMS
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INpunoxenne 3.7. 3HaueHNs K0>DHUIMEHTOB TeH30pa TepMUdeckoro pacmmperus (x107° °C1)

ANIEMEHTAPHO sYeliku (onbOopTUTa P pasHbix Temmeparypax (T °C).

T,°C an 022 033 Oa O oc op1a  azz’c o oy
5 f

30  21.9(1) 28.8(1) 227(1) -42(5) 288(5) 1.2(8) 39.0 440  -266(1) 29.7(1)
100 -21.9(1) 28.8(1) 226(1) -42(5) 28.7(5) 12(8) 39.1 439  -26.7(1) 29.5(1)
180 -22.0(1) 28.7(1) 22.6(1) -42(5) 28.7(5) 12(8) 39.2 438  -26.7(1) 29.2(1)
200 38.4(2) 28.7(1) -48.4(2) -42(5) 28.6(5) 1.2(8) 409 455  52.1(1) 18.7(1)
220 38.3(2) 28.7(1) -48.4(2) -42(5) 28.6(5) 1.2(8) 408 456  52.1(1) 18.5(1)

Ipuaosxenne 4.2.1. Cunres a-CusO2(VO4)Cl u B-CusO2(VO0,)CI.

Kpucramier  a-CusO2(VO4)Cl  u  B-CusO2(VO4)Cl Ot mOMydeHBI B Ipoliecce
BBICOKOTEMIIEPATYPHOT'O CHHTE3a METOJIOM ra30TPAHCIIOPTHBIX PeaKiuid u3 cmecelt peaktuBoB CuO
(Sigma-Aldrich, 99.995%), V20s (Sigma-Aldrich, 99.6%) u CuCl,. Xnopux meau (11) CuCly 6611
HoJIyueH B mpoiiecce o0e3BokuBanus kpuctamtoruapara CuCly-2H>0 (Sigma-Aldrich, 99%) npu
temnepatype 100 °C (bpaysp, 1985). s BocmpousBoaumoro o-CusO2(VOs)Cl maccel HaBecok
CuO, V20s, CuCl; cocrasisnu: 0.036 1, 0.007 r, 0.007 r mu1s ogHoi Touku cuctemsl 1 0.061 1, 0.011
r, 0.008 r mus apyroi, coorBerctBeHHO. [yt B-CusO2(VO4)Cl cmech conmeprxana 0.054 r, 0.008 r,
0.007 r. Bce peareHThl IpeBapUTENIBHO 5 4acoB BhICyIIMBaIUCh pu Temnepartype 100 °C, 3arem
OBICTPO TMEpeMELIMBAINCh M M3MENbUaINCh B araroBoll crymke Ha Bosayxe. llocie uero,
peakIMoHHasl cMeCh ObllIa TTOMEIIeHa B KBapieByto amnyiy (15 x 0.9 cm), koTopasi BIOCIEACTBUU
6bi1a BakyymupoBana (1072 M6ap) u 3anasua. Jlanee ammysia Gblia MOMeIIeHa B TPyOUaTyio Tedb
Nabertherm. 3nech cuHTe3bl ObUTM pa3feleHbl Ha 2 TPYHIbl MO MAaKCHUMAaIbHO JOCTHUTHYTOM
TeMIiepaType: Tpynna cuHte3oB A HarpeBasack g0 600 °C, B Hel ObUIM TIOJYYEHBI U O-
Cus02(VO4)Cl, u B-CusO2(VO4)CI. I'pynma B mocturana Tuae = 650 °C, mpu 3T0i Temmeparype
nonydeH Tosbko 0-CusO2(VO4)Cl. 1o Tyake aMIIyIbl ¢ PEAKIIMOHHBIMUA CMECSIMH HArpEeBaUCh CO
ckopocthio 60 °C/yac u iajnee BBLACPKUBAINCH MPH ATOM Temrieparype 6 JyacoB. 3aTeM 3arasHHbIe
KBaplEeBbI€ aMITyJIbl C PEaKIIMOHHBIMU CMECSIMU MEJIEHHO OXJIaXkIaJIUCh cO cKopocThio 5 °C/uac 10
550 °C, nanHas TeMrieparypa BblaepxKUBaIach 24 yaca. HakoHel, neys MEIJIEHHO OXJIaXxaanach J10
KOMHATHOM TeMIiepaTypsl co ckopocthio 5.8 °C/uac. [{na a-CusO2(VO4)Cl Habnronanace tecHas
accoruanus ¢ kpuctauiamu CusO2(VO4)2:(CuCl), a aist B-CusO2(VO4)Cl ormeuanock coBMecTHOE
HaxoxaeHne B ammyine ¢ musutoM  PB-Cux(V207) (Mercurio Lavaud, Frit, 1973) wu

Cus02(VO4)2-(CuCl).
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IMpuaoxkenne 4.2.2. dororpadun kpucramioB o-CusO2(VO4)Cl (a) u B-CusO2(VO4)CI (b).

Ipunoxenne 4.2.3. Kpucramiorpapuyeckue [TaHHBIE W IapaMeTPhI

Cus02(VO4)CI.

(b)

100 pm

&

YTOUHCHUA i1 O~

Pasmep kpucramia (Mm)
IIpoctpancTBEeHHas rpynna
a (A)

b (A)

c (&)

V (A%)

A (v

Dearc (r/em®)

Jlnuna BostHBI M3mydenus (A)
Nurepsain yrios 20 (deg.)
HesaBucumsie peduiekch
Pedunexcsi ¢ |Fo| > 40F

Ran

R:

S

0.05%0.03%0.03

Pbcm
5.458(6)
11.183(1)
10.375(1)
633.32(1)
15.027

4,578

0.71073 (MoKa)
3.644 - 26.772
712

608

0.032

0.025

1.033

IIpuaoxenue 4.2.4. Cymmbl BasieHTHBIX cBsizeil (C.B.C), koopAMHATHI U U30TPOIHBIE MTapaMETPhI

aToMHbIX cMenerit (A%) B 0-CusO2(VO4)CI.

Ho3unus C.B.C. X y Z Ueg

Cul 1.93 0.47416(14) 0.34940(7) 3/4 0.0097(2)
Cu2 2.16 0.36595(15) 0.41203(6) 1/4 0.0092(2)
Cu3 1.95 0.27051(10) 0.54785(5) 0.54076(5) 0.01050(18)
V 5.02 0.18451(19) 1/4 1/2 0.0068(2)
Cl 0.67 0.1095(3) 0.59263(16) 3/4 0.0199(4)
01 1.94 0.4524(5) 0.5311(3) 0.3788(3) 0.0094(6)
02 212 0.3809(5) 0.2768(2) 0.3714(3) 0.0108(7)
03 1.95 0.9853(6) 0.6274(3) 0.4689(3) 0.0136(7)
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Ipunoxenne 4.2.5. AHU30TPONHbIE TApaMeTphl aTOMHBIX cMemienHit (A?) B a-CusO2(VO4)CI.

Ho3umma Ujp U2 Ussz Uz Uis U

Cul 0.0142(4)  0.0080(4) 0.0071(4) 0 0 20.0011(3)
Cu2 0.0132(4) 0.0077(4) 0.0066(4) O 0 -0.0010(3)
Cu3 0.0107(3) 0.0127(3) 0.0081(3) 0.0004(2) 0.0008(2)  0.0025(2)
Vi 0.0086(5) 0.0064(5) 0.0055(5) 0.0009(4) O 0

ci 0.0123(8)  0.0367(10) 0.0105(8) O 0 0.0072(8)
o1 0.0093(16) 0.0097(16) 0.0093(15) 0.0001(12) -0.0020(13) 0.0013(12)
02 0.0157(16) 0.0076(15) 0.0091(16) -0.0011(12) 0.0013(14) 0.0011(12)
03 0.0122(16) 0.0143(17) 0.0144(17) -0.0009(13) -0.0028(14) 0.0043(14)

Ipunoxenune 4.2.6. Kpucramnorpapuueckue mgaHHbIE W I[1apaMeTpbl

Cus02(VO4)CI.

yTOUHEeHust s [-

IIpuioxenue 4.2.7. Cymmbl BasieHTHbIX cBszeil (C.B.C), koopArHATBI U U30TPOIIHbIE MAPAMETPHI

Pasmep xpucramna (M) 0.06x0.03x0.02
[IpocTpaHCcTBEHHAs TPyIIa P2/n

a(A) 6.274(2)

b (A) 5.504(2)

c(A) 9.181(3)

B () 90.389(3)

V (A3 317.07(1)
() 15.008

Dearc (r/em®) 4572

JlmiHa BonHbI u3tydeHus (A) 0.71073 (MoKa)
WnuTepsan yrios 20 (deg.) 3.702 - 33.653
He3aBucumbie pediiekcsr 1051
Pedunexcsi ¢ |Fo| > 40F 1003

Ran 0.014

R: 0.013

S 1.056

atoMmHbIX cMennerit (A%) B B-CusO2(VO4)CI.

o3unus C.B.C. X y Z Ueg

Cul 1.94 1/2 0 1/2 0.00732(6)
Cu2 2.16 1/4 0.13463(5) 3/4 0.00726(6)
Cu3 1.98 0.49072(3) 0.77303(4) 0.92723(2) 0.00817(6)
\% 4.95 0.32082(7) 3/4 3/4 0.00575(7)
Cl 0.63 1/4 0.61230(11) 3/4 0.02017(14)
01 1.88 0.30294(18) 1.0475(2) 0.95647(13) 0.0076(2)
02 2.19 0.54534(19) 0.1261(2) 0.69338(13) 0.0106(2)
03 1.95 0.6684(2) 0.4906(2) 0.89193(13) 0.0122(2)
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Ipunoxenne 4.2.8. AHM30TPOIHbIE TapaMeTphl aTOMHBIX cMmemierHit (A?) B f-CusO2(VO4)Cl.

Ho3umma U Uy Uss Uzs Uis U
Cul 0.00495(12) 0.01044(13) 0.00658(12) -0.00216(3) 0.00056(3)  -0.00060(9)
Cu2 0.00475(12) 0.01110(14) 0.00594(12) 0 0.00061(9) 0
Cu3 0.00699(9)  0.00755(10) 0.00995(10) -0.00232(6) -0.00145(7)  0.00135(6)
V1 0.00463(15) 0.00642(16) 0.00621(16) O 20.00012(12) 0
i 0.02423)  00081(2) ~ 0.0280(3) 0 0.0180(3) 0
o1 0.0055(5)  00092(5) 0.0081(5)  -0.0004(4) -0.0001(4)  0.0003(4)
02 0.0069(5)  00154(6)  0.0096(5)  -0.0039(4) 0.0012(4)  -0.0029(4)
03 00115(5) 00115(5) 00134(6)  -0.0043(4) -0.0002(4)  0.0043(4)

IIpuiaoxenne 4.2.9. Pe3ynbTaTbl KayeCTBEHHOI'O XHMHUYECKOIO JJIEMEHTHOTO aHaliu3a o-

Cu402(VO4)Cl u B-CusO2(VO4)CI.

a-Cu,0,(VO,)CI

y 1 T T T
12 14 16 18 20
keV

B-Cu,0,(VO,)Cl

0 2 4 6 8 10 12 14 16 18 20
Full Scale 170 cts keV|

IMpunoxenne 4.2.10. CpaBuenust pamaHoBCKkux crekTpoB 0-CusO2(VO4)Cl u B-CusO2(VO4)CI ¢
nonocamu ¢punreputa Cu1102(VOas)s u croribepura CusO2(VOa)2 (s — strong band, w — weak band,

sh — shoulder).

a-CusO2(VO4)Cl  B-CusO2(VO,)Cl ®unrepur Croitbepur  COOTHECEHHE TOJIOC
Cu1102(VO4)s  Cus02(VOas)2

104s 107w Konebanus pemerku
o | 122w 119w
S | 161w 152
- 194w 180w 195w HebopMarimoHHbie
2| 252 197w O-Cu-O
g | 288w 261w +
3 JedopmarmoHHble
- V-O-Cu

320 358w 342w 330w
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356w 410 Jedopmarionssie  v2
(VOa)*
417w 510w 506s 505w HebopMaiioHHbBIE Va4
(VOa)*
596w 587w 560w CumMMeTpuYHbIe
641w BaseHTHbIE V3 (VO4)*
803s 788s 800s ACHUMMETpUYHBIC
BanentHsle vz (VOu)*
827
873s 875s 892s 900s CuMMeTpUYHBIC
932w 950 BanentHele v1 (VO4)*
CchUiku
lannas pabora  Jlawnas pabora  RRUFF Chukanov,
ID:R0O70614 Vigasina
2020

Ipuaoxkenne 4.3.1. Cunre3 CusO2(VO4)2:(KCl)gs.

Kpucramisr CusO2(VO4)2:(KCl)os ObutH 1MOJMYyYEHBI B MPOILECCE BBICOKOTEMIIEPATYPHOTO
CHHTE3a METOJIOM TI'a30TPaHCIOPTHBIX peakiuii u3 cmeceid peaktBoB CuO (Sigma-Aldrich,
99.995%), V20s (Sigma-Aldrich, 99.6%) u CuCl,. Xmopun meau (1) CuClz 6611 mostydeH B porecce
o6e3BoxkuBanus kpuctammtoruapara CuCly-2H>O (Sigma-Aldrich, 99%) npu temneparype 100 °C
(Bpayap, 1985). Jlns CusO2(V04)2-(KCl)os maccer HaBecok CuO, V20s, CuCl, cocrasmsutu: 0.061 T,
0.006 1, 0.012 r, coorBeTcTBEHHO. BCe peareHTsl MpeaBapUTEIbHO 5 4acOB BHICYHIMBAINCH IIPH
temriepatype 100 °C, 3arem OBICTPO MEPEMENIUBAIUCH U W3MENIbUATUCh B araToBOM CTyIKe Ha
Bo3ayxe. [locie yero, peakiyoHHas cMech ObUIa MOMEIIeHa B KBapleByto ammyny (15 x 0.9 cm),
KOTOpas BIIOCNENCTBHM Obima BakyymmpoBaHa (1072 m6ap) u 3amasma. Jlamee ammyna 6blna
nomerena B Tpyouaryto neus Nabertherm. CusO2(VO4)2 (KCl)o.5 66151 00pa3oBaH B rpyIine CHHTE30B
A 1p# Tyaxe = 600 °C. 10 Tyaxc aMmysia ¢ peakiMOHHON CMEChI0 HarpeBajiach CO CKOpPOCThIO 60
°C/uac u nanee BbIAEp’KMBajach MpU ATOM TemrepaType 6 yacoB. 3aTeM 3amasHHas KBapleBas
ammyna MeAJeHHO oXxJaxnaanach co ckopocThio 5 °C/gac mo 550 °C, maHHas Temmeparypa
BbIIepkuBaniack 24 yaca. HakoHerlr, meyb MeAJIEHHO OXJIaXKJaach 10 KOMHATHOM TeMIepaTypsl co
ckopocthio 5.8 °C/uac. J{nst CusO2(V0a4)2:(KCl)o 5 Habmr01a1aCHh TECHAS aCCOIMAIINS C KPHCTALJIaMK
croiibeputa Cus02(VOas)2 (Shannon, Calvo, 1973c). K¥, nHaGmogaemblii B KPHUCTAIIMYECKON
CTPYKType 3, BOLIEN B HCXOAHYIO PEAKIIMOHHYIO CMECh 0€3 JOMOIHUTEIBHBIX KATHOHOB IIETOYHBIX

MCTAJIJIOB U3 MaTCpUuajia KBapHeBOﬁ AMITYJIbI.



Ipuaoxenne 4.3.2. dororpadust cpocimmxcst Menkux KpuctamioB CusO2(V04)2-(KCl)os.

161

Hpuaoxenne 4.3.3. Kpucrammorpaguueckue TaHHbBIE W MApPaMETPHI
Cus02(V0Os4)2-(KCl)os.

Pa3mep kpucramia (Mmm) 0.04x0.03x0.03

[IpocTpancTBeHHas rpymnmna C2/m

a(A) 18.180(3)

b (A) 6.1424(10)

c(A) 8.2421(14)

B () 91.246(3)

V (A3 920.2(3)

4 (vl 14.615

Deaic (r/em®) 5.133

JlmHa BonHBI M3myueHnus (A) 0.71073 (MoKa)

HWnTepsan yrios 26 (deg.) 2.241 - 27.995

He3aBucumbie pediiekcol 1211

Pedunexcsi ¢ |Fo| > 40F 1014

Ran 0.035

R1 0.024

S 1.002

YTOUHEHUS

JJIA

INpunoxenne 4.3.4. KoopmuHaTsl W W30TPOIHBIE TNapaMeTphl aTOMHBIX cMmemenuii (A?) B

Cus02(VO4)2-(KCl)oss.

Mo3uuus X y z Ueq

Cul 0.62077(3) 0.74304(8) 0.64163(6) 0.00947(13)
Cu2 0.68717(4) 1.000000 0.90893(8) 0.01231(17)
Cu3 0.78421(4) 1.000000 0.63840(8) 0.01478(18)
CudA 0.54848(17) 1/2 0.3679(3) 0.016(5)
Cu4B 0.5445(4) 0.5668(11) 0.3693(4) 0.0055(12)
V1 0.68001(5) 1.000000 1.33612(11) 0.0065(2)
V2 0.62229(5) 1/2 0.00776(11) 0.0063(2)
Cl1A 0.5046(5) 1.000000 0.572(3) 0.015(3)
CliB 0.5056(3) 1.000000 0.6219(17) 0.010(2)

01 0.6798(2) 1.000000 0.6770(5) 0.0069(7)
02 0.5578(2) 1/2 0.6002(5) 0.0085(8)
03 0.63838(14) 0.7553(5) 1.3991(3) 0.0087(5)



04
05
06
o7
08

0.7035(2)
0.61697(15)
0.7700(2)
0.6809(3)
0.5531(2)
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172
0.2717(5)
1.000000
1.000000
12

0.1224(5) 0.0125(9)
-0.1151(3) 0.0124(6)
1.4022(5) 0.0122(8)
1.1366(5) 0.0169(9)
0.1388(5) 0.0187(10)

Mpunoxenue 4.3.5. AHM30TpoONHEIE MapaMeTpsl aToMHEIX cMemmernii (A%) B CusO2(VO4)2: (KCl)os.

Ho3uuma Ujp U2 Ussz Uz Uis U
Cul 0.0135(2) 0.0076(2) 0.0073(2) -0.00063(18) 0.00145(17) -0.0043(2)
Cu2 0.0102(3) 0.0220(4) 0.0048(3) O 0.0001(2) ~ 0
Cu3 0.0065(3) 0.0317(5) 0.0062(3) O 0.00073) 0
CudA  0.0052(13) 0041(14) 0.0026(11) 0 0.0002G) 0
V1 0.0090(4) 0.0063(4) 0.0041(4) 0 0.0005(3) 0
V2 0.0065(4) 0.0083(5) 0.0042(4) 0 0.0007(3) 0
M1 0.0266(14) 0.0436(18) 0.071(2) 0 0.0204(13) 0
CIIA  00115(5) 00115(5) 0.0134(6) -0.0043(4)  -0.0002(4)  0.0043(4)
o1 0.0047(17) 0.0077(19) 0.0084(18) 0 -0.0004(14) 0
02 0.0064(17) 0.0108(19) 0.0082(18) O -0.0019(14) 0
03 0.0101(12) 0.0094(13) 0.0066(12) -0.0017(11) 0.0027(10) -0.0013(11)
04 0.0064(18) 0.025(2)  0.0058(18) 0 0.0003(15) 0
05 0.0170(14) 0.0121(15) 0.0080(13) -0.0006(11) 0.0004(11) 0.0038(12)
06 0.0106(19) 0.018(2) = 0.0080(19) O 0.0012(15) 0
07 0.0272)  0.014(2)  0.0102) 0 0.0003(17) 0
08 0.0076(19) 0.041(3)  0.007(2) 0 0.0018(15) 0
HanIO)KeHHe 4.3.6. Pe3yﬂBTaTBI KAa4CCTBCHHOI'O XUMHUYECCKOI'O 3JICMCHTHOI'O dHaJIn3a

Cus02(V0Oa4)2-(KCl)oss.

©) €
Q

@,
V)

Cl

0 2
Full Scale 571 cts

Cu,0,(V0,),-0.5KCl
© )
- O

Ipuaoxenne 4.3.7. CpasHenue pamanoBckux crektpoB CusO02(VO4)2:(KCl)os, ¢unrepura

Cu1102(V04)e u croitbepura CusO2(VOs4)2 (S — strong band, w — weak band, sh — shoulder).

Cus02(VO4)2:(KCl)os  ®unreput Crolibepur CooTHeceHme mojaoc
CU1102(V04)5 CU502(VO4)2
o | 110w Kosebanus pererku
Q| 127w
£ | 160w
3 188w 195w Jedopmarmonsbie
235s 0-Cu-O
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295w +
Hedopmarmonnsie
V-O-Cu
350w 342w 330w Hedopmanionnsie v,
410 (VO4)*
503w 506s 505w JedbopmaliioHHbIE V4
(VO,)*
540s 560w CumMeTpHuYHbIe
BanenTtHble V3 (VO4)*
795sh 788s 800s ACHMMETPHUYHBIE
811s BasieHTHBIE V3 (VO4)*
879s 892s 900s CumMMeTpHuYHbIe
968s 932w 950 BanenTHble v1 (VO4)*
Manuas paborta RRUFF Chukanov,
ID:R070614 Vigasina
2020

Mpunoxenne 4.4.1. Cunresz Cus02(VO4)2:(CuCl).

Kpucramier CusO2(V0Os)2:(CuCl) Obutd MOJyYeHBI B MPOIECCE BBICOKOTEMIICPATYPHOIO
CHHTE3a METOJIOM TI'a30TPaHCIOPTHBIX peakiuii u3 cmeceid peaktBoB CuO (Sigma-Aldrich,
99.995%), V205 (Sigma-Aldrich, 99.6%) u CuCly. Xnopua menu (11) CuCl, 6611 mosryueH B mporecce
o6e3BokuBanus kpuctammtoruapara CuCly-2H>O (Sigma-Aldrich, 99%) npu temnepatype 100 °C
(Bpayap, 1985). CusO2(V0O4)2:(CuCl) sBisieTcst XOpOIIo BOCIPOU3BOAMMBIM COCTUHEHUEM, MACCHI
HaBecok CUuO, V205, CuClz B misiTi pa3nuuHBIX TOUKaX TPOHO#H crcTeMbl coctaisuiu: 0.036 T, 0.007
r, 0.007 r; 0.033 1, 0.007 1, 0.009 T; 0.12 1, 0.022 T, 0.007 T; 0.054 T, 0.008 T, 0.007 T; 0.061 T, 0.011
r, 0.008 r coorBeTcTBeHHO. Bce peareHTbl NpeaBapUTENBHO 5 YacoB BBICYHIMBAJINCH MPH
temriepatype 100 °C, 3arem OBICTPO MEPEMENIUBAINCH U W3MENIbUATUCh B araTOBOM CTYIKE Ha
Bo3ayxe. [locie 4ero, peakiimoHHas cMech ObLIa MOMEIIeHa B KBapIieByto amnyny (15 X 0.9 cm),
KOTOpas BIIOCNEACTBHM Obina BakyymmpoBaa (1072 m6ap) u 3amasma. Jlamee ammyna 6biTa
nomerieHa B Tpyouatyro meub Nabertherm. CusO2(VO4)2:(CuCl) Habmromancs B obeux rpymmax
cuHTE30B A (Tyare = 600 °C) 1 B (Tyae = 650 °C). 10 Tyaxe aMITyJIBI ¢ PEAKIIMOHHBIMU CMECSIMH
HArpeBakch co ckopocThio 60 °C/yac U Janiee BBIACPKUBAIUCH MPHU 3TOW TeMIepaType 6 4acos.
3areM 3amasHHBIC KBapIEBbIC aMITYJIbI C PEAKI[MOHHBIMH CMECSIMH MEIJICHHO OXJIaKIAIUCh CO
ckopocthio 5 °C/gac mo 550 °C, manHas TemriepaTypa Bblaep)uBaiack 24 daca. Hakoner, medp
MEUICHHO OXJaXJajdach JI0 KOMHATHOW TeMmmeparypel co ckopocteto 5.8 ©°C/aac. [ns
Cus02(VO4)2(CuCl) nabmomanach TecHas accoimarms ¢ kKpuctawiamu 1msuta B-Cuz(V207)
(Mercurio Lavaud, Frit, 1973), croiibeputa CusO2(VOs)2 (Shannon, Calvo, 1973c), a-
Cus02(VO4)CI. Taxxe 6butn oTMeueHbl 00pa3zoBanus Oemtonta CU(OH)CI (litaka et al., 1961) na
HEKOTOPBHIX TIOBEPXHOCTSIX KPHCTAUIOB, YTO CKOpee BCEro CBS3aHO C Mpeodpa3oBaHHEM

CUHTC3HUPOBAHHBIX COGI[I/IHGHI/Iﬁ Ha BO3OYyXC. Taxxke HE HCKIIIOYaeTCs MpCAIOJIOXKCHUC, YTO
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obpazoBanue (OH) MoKeT OBITh pe3yabTaTOM YaCTHYHOW THAPATAIMH HCXOTHONW CMECH pPEareHTOB

B TCYCHHUC KOPOTKOT'O BPEMCHH HA BO3AYXC IICPCA HAIMOJIHCHUCM KBAPLUCBLIX aMITYJI.

IMpunoxkenune 4.4.2. ®ororpadus ammynsl U kpuctamioB CusO2(V0a)2:(CuCl) (tremuo-cunme) u

comytcTByromero mu3nura 3-CuzV207 (TeMHO-KpacHBIN).

IIpunoxenne

Cus02(VOa)z+(CuCl).

4.4.3. Kpucramiorpapudyeckue JaHHbIE U  IapamMeTpbl
Pazmep kpucramia (Mm) 0.06x0.04x0.02
[IpocTpaHcTBeHHas rpymnmna P-3m1
a(A) 6.406(4)

c(A) 8.403(5)

V (A% 298.6(4)

4 (vl 14.178

Dearc (r/em®) 4.324

JlmiHa BonHbI u3tyueHus (A) 0.71073 (MoKa)
Wnurepsain yrios 20 (deg.) 2.424 - 27.775
HesaBucumsie peduiekch 310
Pedunexcsi ¢ |Fo| > 40F 299

Ran 0.048

R1 0.036

S 1.099

YTOUHCHHUA

TSt

Ipunoxenue 4.4.4. Cymmel BaieHTHBIX cBsizeil (C.B.C), koopanHATBI U U30TPOIHBIE TApaMeTPhI

aromubIx cMerternit (A%) 8 CusO2(VOa)2:(CuCl).

o3unms C.B.C X y Z Ueq

Cul 2.01 1/2 1/2 0 0.0169(4)
Cu2 2.06 0.6667 1/3 -0.2739(2) 0.0328(6)
Cu3A 0.62 0 0 0.2582(8) 0.103(5)
Cu3B 0.43 0.167(3) 0.203(3) 0.3293(19) 0.072(5)
V1 4.94 2/3 1/3 0.3072(3) 0.0134(5)
Cl1 0.43 0 0 1/2 0.122(6)
Cl2 0.62 0 0 0 0.0363(15)
o1 2.22 2/3 1/3 -0.0449(10) 0.0125(19)
02 2.06 2/3 1/3 -0.4962(12) 0.025(2)
03 191 0.5198(6) 0.4802(6) 0.2343(6) 0.0359(18)
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Ipunoxenne 4.4.5. AHU30TPONHEIE TTapaMeTpbl aTOMHBIX cMemienHit (A?) B CusO2(V0a4)2-(CuCl).

Ho3umma U Uy Uss Uzs Uis U

Cul 0.0263(7) 0.0263(7) 0.0070(6) -0.0001(2) 0.0001(2) _ 0.0198(7)
Cu2 0.0461(9) 0.0461(9) 0.0060(8) O 0 0.0231(5)
Cu3A  0143(8) 0.143(8) 00233) 0 0 0.072(4)
V1 0.0174(8) 0.0174(8) 0.0053(10) O 0 0.0087(4)
i 0.168(10) 0.168(10) 0.030(4) 0 0 0.084(5)
cl2 0.041(2) 0041(2) 0027(3) 0 0 0.0205(11)
o1 0016(3) 0016(3) 0.005(4) 0 0 0.0081(15)
02 0.031(4) 0031(4) 0011(4) 0 0 0.0157(19)
03 0.064(4) 0.064(4) 0.009(2)  0.0001(13) -0.0001(13) 0.053(5)

IMpunoxenune 4.4.6. Pesynbrarel npodunbhoro anamuza CusO2(V0O4)2:(CuCl) mo mopomKoBbIM

XRD pauabiM.

8000

Cu,0,V0,),(CuCl) 1
' Y R,=223%

—Yue Rup = 4.62% T
_Yu:)s- Yca[c :

6000

4000

2000

WHTEHCMBHOCTb (arb. units)

[ [ I e N AT A B ARy

i
:
]

U S A L T D R L R

20 30 40 50 60 70 80
20(°)/A=1.7889 A

et 15
o

Ipuno:xenue 4.4.7. Pezynbrarel PaMaHOBCKOH CIIEKTPOCKONUU COENMHEHUN 4 1 5 B CpaBHEHUH C
criektpaibHbIMU HanHbME Guareputa Cu1102(V0s)e u croiibepura CusO2(V04)2 (S — strong band,

w — weak band, sh — shoulder).

4 5 ®uHrepur Croiibepur CooTHecenue nmojuoc
CU502(VO4)2(CUC|) CUQOZ(VO4)4C|2 CU1102(VO4)5 CU502(VO4)2
109 Konebanus pererku
o 123w 123s
= 176
2| 202 202w 195w Hedopmanmonnsie O-
= 246w Cu-O
g +
; JedopmanmonHsle
2 V-0O-Cu
% 316 342w 330w HebopMaiioHHbie  v2
3 | 390w 410 (VOs)*
506s 505w JedopManioHHBIE V4
(VO4)*
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542 560w CuMMeTpHuyHbIE
BaseHTHbIe v3 (VO4)*
800s 722s 788s 800s ACHUMMETpPUYHBIC
794s BanentHsle v3 (VOu)*
855s
917s 892s 900s CuMMeTpUYHBIC
954s 944s 932w 950 BanentHele v1 (VO4)*
CchUIKH
Jannast pabota Hannas padora  RRUFF Chukanov,
ID:R0O70614 Vigasina
2020

Mpunoxenue 4.4.8. 3Hauenus kod>GPUIMEHTOB TeH30pa TepMuUeckoro pacmupenus (1076 °C™Y)

anemenTapHoit stueiiku CusO2(VO4)2:(CuCl) mpu pasubix Temmneparypax (T °C).

T,°C  an a2 033 Oa O ac an™a  av

100  0.96(2) 096(2) 830(2) 096(2) 0.96(2)  8.30(2) 300  10.22(3)
200  3.00(1) 3.00(1) 8.29(2)  3.00(1) 3.001)  8.29(2) 300  14.29(3)
300  5.03(1) 5.03(1) 8.28(2)  503(1) 503(1)  8.28(2) 300  18.35(3)
400  7.07(2) 7.07(2) 828(2) 7.07(2) 7.07(2)  828(2) 300  22.41(3)
500  8.69(4) 8.69(4)  8.27(2)  8.69(4) 869(4)  8.27(2) 300  25.65(3)

Mpunoxenue 4.5.1. Cunre3z CugO2(V0O4)4Cl.

Kpucramummueckue — oopasubl  CugO2(VO4)4Cl,  Obuim  mosdydeHsl B TIpoliecce
BBICOKOTEMIIEPATYPHOTO CHHTE3a METOJOM XHMHYECKHX Ta30TPAaHCIOPTHBIX PEaKIUil U3 CMeCH
peaktuBoB CuO (Sigma-Aldrich, 99.995%), V.Os (Sigma-Aldrich, 99.6%) u CuClz. Xnopun menn
(I1) CuCl, ob1 monydeH B mporecce obe3BoxkuBanus Kpuctatoruapara CuCly-2H,O (Sigma-
Aldrich, 99%) mpu temmneparype 100 °C (Bpayap, 1985). Maccel HaBecok peareHToB CuO, V205 1
CuCl2 anst 6 oTMYHBIX APYT OT Apyra crexuomerpuit cocrasmau: 0.0583 r, 0.005 r, 0.0962 ; 0.105
r,0.03r,0.015r;0.0975 T, 0.0371,0.0151;0.112 1, 0.03 1, 0.007 1; 0.12 1, 0.03 1, 0.015 1; 0.105 T,
0.037 r, 0.007 1, cooTBeTCTBEHHO. BCe peareHTsl MpeaBapUTEIbHO 5 YacOB BBICYLIMBAIUCH IPU
temneparype 100 °C, 3atem ObICTPO NEpeMEIIMBAINCH U U3MENIbYAIUCh B araTOBOM CTYyNKe Ha
Bo3ayxe. [locie uero, kaxkaast peakIiiOHHasi cMech Obljla MOMEIeHa B KBapIieByto ammyiy (15 x 0.9
cM), KOTOpas BIIOCJIE/ICTBHM Oblna Bakyymmpoana (1072 m6ap) m 3amasHa. [{anee ammyna Oblia
nomerieHa B Tpyouaryio neub Nabertherm, rae HarpeBanace g0 600 °C (rpymma A) / mo 650 °C
(rpymma B) co ckopoctsio 60 °C/gac u ganee BblIep >KUBalIach P AToK Temmeparype 6 yacoB. CTout
0TMeTUTh, 4To o0pazoBanue CuygO2(V04)4Cl2 xapakrepro s obeux rpynn A u B cunre3oB. 3atem
3anasiHHasi KBaplieBas aMIlyjla ¢ PEAKIIMOHHOM CMEChIO MEJUIEHHO OXJIaXJanach CO CKOPOCTBIO 5
°C/gac mo 550 °C, manHas Temmeparypa BblAepKuBajiack 24 yaca. HakoHel, meyb MeICHHO
OXJIaXJajach 0 KOMHATHOM TemmepaTypbl co ckopocThio 5.8 °C/yac. B 30He KkpucTaymm3anuu

TpyOkn HaOmogamuch TemHO-cuHHe Kpuctaiuibl CugO2(V0as)4Cl.. B 30He 3akianku 0OBIYHO
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HaOJIIOMaIMCh TEeMHO-KpacHbie Kpuctamiel usuta B-Cuz(V207) (Mercurio Lavaud, Frit, 1973),

TeMHO-cuHue Kpuctawibl croibeputa CusO2(V0Os4)2 (Shannon, Calvo, 1973c), maxOupheuTa
Cu3(VO4)2 (Hughes et al., 1987a), ¢wunrepura Cu1104(VOas)s (Hughes, Hadidiacos, 1985),

menanotamut Cu2CloO (Scacchi, 1870), a Taxke nadmogancs 6emmtoutr Cu(OH)CI (litaka et al.,

1961) Ha TOBEPXHOCTSAX KPUCTAIIOB, CPOCTKH KOTOPOTO CTAHOBHWJIMCH OOIIMPHEE CO BpPEMEHEM

OTKPBITOTO HAXOXJICHUS MTPOOBI HA BO3AYXE.

IIpuioxenue 4.5.2. dotorpadus KpUCTAIIIOB, H300paxeHHe B 00PATHO-OTPAKEHHBIX AJIEKTPOHAX,

a taxoke kBapruesas amiyiia ¢ CugO2(V04)4Clo.

IIpunoxenue

CugO2(VO04)4Clo.

30Ha 3aKnagkv
B-Cu,(V,0)

30Ha K%“ﬂ.%s}:?:‘““

4.5.3. Kpucramnorpaguueckue JaHHblE M [apaMeTpbl YTOYHEHHUS s
Pasmep kpucramia (M) 0.05%0.03x0.01
IIpocTpancTBeHHas rpymnmna P-1
a(A) 6.472(4)

b (A) 8.343(6)

c(A) 9.206(7)

a(®) 105.177(1)

B () 96.215(1)

v (©) 107.642(1)

V (A%) 447.6(5)

u (mmh) 12.816

Deaic (r/em®) 4.209

JlmiHa BoNHBI M3mydeHns (A) 0.71073 (MoKa)
NuTepsan yrios 20 (deg.) 2.341 - 27.994
HesaBucumbie peduiekchl 2165
Pedrexcel ¢ |Fo| > 40F 1705

Ran 0.044

R: 0.028

S 0.993



Ipunoxenne 4.5.4. Cymmnl BasieHTHBIX cBsizeit (C.B.C), koopauHAaThl 1 H30TPOIHBIE MapaMeTPhI

aromubix cmentennii (A?) B CugO2(VO04)4Clo.
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o3unus C.B.C X y Z Ueg

Cul 1.99 0.14064(9) 0.71798(8) 0.02245(6) 0.00964(14)
Cu2 2.07 0.41418(9) 0.54191(8) -0.35857(7) 0.01186(15)
Cu3 1.94 0.17069(10) 0.83188(7) -0.31267(6) 0.01125(14)
Cu4d 1.89 1/2 0 0 0.01050(18)
Cus 1.86 0 0 0 0.01127(18)
Cu6A 1.90 0 0 1/2 0.0155(2)
Cu6B 1.55 0.241(2) 0.0438(18) 0.4558(15) 0.009(3)

V1 4.80 -0.11056(13) 0.41633(10) -0.34958(8) 0.00762(17)
V2 4.99 0.32438(12) 0.25122(10) -0.14950(8) 0.00714(17)
Cl1 1.10 0.6533(2) 0.87070(17) -0.27901(15) 0.0251(3)
01 1.94 0.3915(5) 0.4387(4) -0.1924(4) 0.0122(7)
02 2.05 0.1353(5) 0.5872(4) -0.3415(3) 0.0104(7)
03 2.05 0.3414(5) 0.5372(4) -0.5820(4) 0.0119(7)
04 1.94 0.0890(5) 0.7792(4) -0.5394(4) 0.0137(7)
05 1.87 0.1092(5) 0.5829(4) 0.1680(4) 0.0133(7)
06 214 -0.1279(5) 0.7667(4) 0.0357(4) 0.0121(7)
o7 2.01 0.1922(5) 0.8881(4) -0.0949(3) 0.0077(6)
08 2.19 0.4536(5) 0.7756(4) 0.0514(4) 0.0104(7)
09 2.15 0.2119(5) 0.0706(4) -0.3187(4) 0.0145(7)

Mpunoxkenue 4.5.5. AHU30TPONHEIE MapaMeTphl aToMHBIX cMemennii (A2%) B CugO2(VO4)4Cla.

Ho3uuusa  Up Uz Uss Uzs Uis Up

Cul 0.0080(3) 0.0122(3) 0.0131(3) 0.0083(2) 0.0042(2)  0.0052(2)
cu2 0.01203) 0.0179(3) 0.0133(3) 0.0100(2) 0.0070(2)  0.0099(3)
Cu3 0.0189(3) 0.0071(3) 0.0081(3) 0.0027(2) 0.0010(2)  0.0053(2)
Cud 0.0071(4) 0.0097(4) 0.0152(4) 0.0072(3) -0.0002(3) 0.0016(3)
Cu5 0.0121(4) 0.0096(4) 0.0182(4) 0.0082(3) 0.0096(3)  0.0069(3)
CuBA  00262(6) 0.0080(5) 0.0099(4) -0.0014(3) -0.0083(4) 0.0100(4)
V1 0.0078(4) 0.0080(4) 0.0081(4) 0.0037(3) 0.0019(3)  0.0032(3)
V2 0.0070(4) 0.0069(4) 0.0094(4) 0.0040(3) 0.0023(3)  0.0033(3)
ci1 0.0279(8) 0.0173(7) 0.0230(7) 0.0032(5) -0.0002(6) 0.0023(6)
o1 0.0143(18) 0.0111(17) 0.0124(16) 0.0058(13) 0.0020(14) 0.0046(14)
02 0.0122(17) 0.0078(16) 0.0127(16) 0.0034(13) 0.0036(13) 0.0049(14)
03 0.0112(17) 0.0182(18) 0.0120(16) 0.0074(14) 0.0050(13) 0.0097(14)
04 0.023(2) ~ 0.0078(17) 0.0090(16) 0.0030(13) -0.0009(14) 0.0041(14)
05 0.0139(18) 0.0184(19) 0.0102(16) 0.0080(14) 0.0050(14) 0.0051(15)
06 0.0107(17) 0.0114(17) 0.0193(18) 0.0096(14) 0.0089(14) 0.0049(14)
07 0.0103(16) 0.0075(16) 0.0068(15) 0.0029(12) 0.0032(12) 0.0042(13)
08 0.0068(16) 0.0137(17) 0.0138(16) 0.0088(13) 0.0023(13) 0.0039(14)

09 0.0199(19) 0.0102(17) 0.0106(16) 0.0020(13) -0.0032(14) 0.0045(15)
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Ipuaoxkenue 4.5.6. Pesynprater npoduasaoro anamuza CugO2(V04)4Clz mo mopomkossiM XRD

JAHHBIM.
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Ipunoxenne 4.5.7. 3Hauenns Kod>GPUIMEHTOB TeH30pa TepMuUecKkoro pacmupenns (1076 °C™?)

anementapHoi stueiiku CugO2(V04)4Cl2 mpu pasubix Temmeparypax (T °C).

T,°C au 022 033 Oa O Oc a*a  ax™b ok’ av

100 492(6) 9.0(1) -162(2) 436(3) 20.16(1) -152(1) 203 47.7 116 42.003)
200 49.0(6) 88(1) -163(2) 434(3) 20.12(1) -152(1) 203 479 119 415(3)
300 48.8(6) 8.6(1) -16.3(2) 43.2(3) 20.08(1) -152(1) 203 481 121 41.1(2
400 48.6(6) 85(1) -164(2) 43.0(3) 20.04(1) -153(1) 203 484 123 40.7(3)
480  48.4(6) 84(1) -164(2) 429(3) 2001(1) -153(1) 202 485 125 40.4(3)

Mpuiaoxenue 4.6.1. Cunres Cu(VO)2(AsO4)2.

Kpucrammueckne  oopasupl  Cu(VO)2(AsOs)2,  Obutd  TOAy4eHBI B IIpoliecce
BBICOKOTEMIIEPATYpPHOT'O CHHTE3a METOAO0M ra30TPAHCIOPTHBIX peakiuil u3 cMecu peaktuBoB CuO
(Sigma-Aldrich, 99.995%), VO (Thermo Scientific, 99%) u As2Os, B3ThIX B cOOTHOIICHNHU 1:1:2
(0.015 , 0.015 1, 0.03 T 1 0.025 1, 0.025 1, 0.05 1). Okcun mbimbska (V) As2Os ObUT TONTYyYEH
BBIMTAPMBAHUEM MBIIILIKOBON KucaoTel H3ASO4 (Sigma-Aldrich, 99%) mpu Temmeparype 300 °C
(bpaysp, 1985). Bce peareHThl NHpeABapUTEIbHO BBICYIIMBAINCH B CYIIWIBHOM IIKady MNpu
temneparype 100 °C B TeueHHe 5 4YacoB, 3aTeM OBICTPO MEPEMEMIUBAIUCH APYT C JAPYTOM H
M3MEJbYAIIUCh B araTOBOM CTYIKE Ha BO3JlyX€ B TEUEHHE MEHEe YeM 5 MUHYT. 3aTeM peaKIMOHHas
cMech ObliIa MoMeIeHa B KBapIeByto aMmiyiny (okosio 15 x 0.9 cMm), koTopas BIOCIEACTBUU Oblia
BakyymuposaHa (1072 m6ap) u 3amasna. ITocie 4ero, ammyna Gblla HOMeIIEHa TOPU3OHTANLHO B
TpyOuaryto meub Nabertherm, u nHarpeBamace 10 600 °C co ckopoctbio 57 °C/yac u nanee
BBIIEP>)KUBAJIACh IIPH ATOM TEMIEpaType B TeueHUe 6 yacoB. ['pafueHT TemnepaTypbl MEXIY 30HOU

3aKIaJKu (ropsiuei) U 30HOM KpHCTAJUIM3aluu (X0I0aHOo#) ammyinbl oneHuBaeTcs ~50 °C. 3arem
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3amasiHHasE KBaplieBasi aMITyjia ¢ PEaKIIMOHHON CMEChI0O MEIUICHHO OXJIaXIanach CO CKOPOCTBIO 5
°C/aac mo 550 °C, nmamnas TemrepaTrypa BbIIEpKuBaiach B TedeHue 20 dacoB. Hakoner, meyb
MEJICHHO OXJIaX/1adach JO0 KOMHATHOH TeMmImepaTypsl co ckopocthio 5.8 °C/dac (B Teuenue 90
yacoB). B 30He KpucTrauMzanmuu TPYOKH HaOIIOJAMCh XOPOIIO PaCKPHCTAILUTN30BAHHBIC
onHo(da3HbIe arperatsl (IOATBEPXKICHO PEHTIeHO(])a30BbIM aHAIU30M), COCTOSIINE U3 TEMHO-CHHUX
kpuctaioB Cu(VO)2(AsOs)2, Torma kak TemHO-kpacHbie Kpuctamwibl B-Cuz(V207) (Mercurio
Lavaud, Frit, 1973) u rony0sie kpuctamisl (H2ASO4)2(VO) (Wang, Lee, 1991) Oblin 0oTMEUCHBI B
ropsiueii 3ome 3akmagkd. I[lpumeuarenen ToT ¢akr, uyro obpasoBaiacs (H2As0:)2(VO). Dro
HaOJII0ICHUE SIBIIICTCS PE3Y/IbTATOM YaCTHYHOM THIPATAI[MH UCXOIHOW CMECH PEareHTOB B TCUCHHE
KOPOTKOT'O BPEMEHH Ha BO3J[yXe Tepe/ HAlOJIHEHHEM KBapLEBbIX ammyd. lIpeamnonaraercs, 4To 1mo

ITOM e NMPUYMHE BaHAMI YaCTUIHO OKHCIsUICS ¢ oOpasoBanueM -Cuz(V207).

Ipunoxenne 4.6.2. Kapiesas ammyia ¢ Cu(VO)2(AsOa)2 (a). Kpuctamisr Cu(VO)2(AsO4)2 (b) u BSE

U300pakeHHe KPUCTAJUIMYECKUX arpeTatos (C).

il:;OHa Kpuctannusayum
Cu(VO),(AsO

4)2

(b) 50um

I[Ipuiaoxenune 4.6.3. Kpucramiorpapuueckue JTaHHbIE U TapaMeTpbl yTOYHEHHUS  JJId

Cu(AsO4)2(VO)s..

Pa3mep kpucramia (Mmm) 0.05%0.05%0.02
[MpocTpaHcTBeHHAs rpyTIIia P2i/c

a(A) 8.3815(5)

b (A) 4.9216(3)
c(A) 9.0759(5)

£ (°) 107.992(10)

V (A%) 356.08(4)
(vl 14.797

Deaic (r/em®) 4.433

JlmnHa BoNHBI M3mydeHns (A) 0.71073 (MoKa)
Wnrepsan yrios 260 (deg.) 2.555 - 35.678

HesaBucumebie peduiekchl 1387
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Pediexcel ¢ |Fo| > 40F

Rai
R1
S

1242

0.029
0.024
1.082

Ipunoxenue 4.6.4. Cymmnl BasieHTHBIX cBsizeit (C.B.C), koopauHAaThl M H30TPOITHBIC MapaMeTPhI

aromubix cmentennii (A2) B CU(AsO4)2(VO)..

To3uuus C.B.C. X y z Ueq

Cul 2.01 172 0 0 0.00880(11)
V1 4.10 0.90380(5) -0.12361(8) 0.11454(5) 0.00462(10)
Asl 4.87 0.72271(3) 0.10059(5) 0.36189(3) 0.00618(8)
01 2.01 0.7210(2) 0.0690(4) 0.1717(2) 0.0063(3)
02 1.95 0.8975(2) 0.2885(4) 0.4613(2) 0.0066(3)
03 1.98 0.7356(2) -0.2104(4) 0.4430(3) 0.0082(4)
04 1.99 0.5477(3) 0.2520(4) 0.3609(3) 0.0102(4)
05 2.06 0.9392(2) -0.3757(4) 0.2366(3) 0.0079(3)

Mpunoxenue 4.6.5. AHU30TpONHbIE MapaMeTphl aToMHBIX cMmemennii (A2) B CU(ASO4)2(VO)..

Ho3uuusa  Up Uz Uss Uzs Uis Up

Cul 0.00608(19) 0.0110(2) 0.0077(3) 0.00386(16) -0.00019(17) -0.00312(15)
V1 0.00487(17) 0.00395(16) 0.0048(2)  0.00019(13) 0.00108(15) 0.00026(13)
Asl 0.00631(12) 0.00544(12) 0.00660(17) -0.00011(9) 0.00169(10) 0.00027(8)
01 0.0067(8) ~ 0.0083(7)  0.0041(10) 0.0000(6) ~ 0.0019(7)  0.0003(6)

02 0.0067(7)  0.0073(7)  0.0060(10) -0.0017(6) 0.0024(7)  -0.0014(6)

03 0.0092(8)  0.0054(7)  0.0070(11) 0.0028(6)  -0.0019(7)  -0.0008(6)

04 0.0061(8)  0.0136(9)  0.0104(12) -0.0043(7) 0.0015(7)  0.0036(7)

05 0.0070(8)  0.0089(8)  0.0071(10) 0.0018(7)  0.0013(7)  0.0002(6)

Mpunozxenne 4.6.6. Kpucrannorpaduueckue naHHbIe coequHennii cemeiicta M 2*(V0)2(TO4)2 (M

= Ca, Co, Ni, Cu, Sr, Cd, Ba, Pb; T =P, As) mpu KOMHaTHO# TeMIieparype.

Coenmtenue Iprp. a(A) b (&) cA) B ) VA)  Z R VOV Ref.
Cu(VO),(AsOs), P2i/c  8.3815(5) 4.9216(3) 9.0759(5) 107.992(1) 356.08(4) 2 0.024 Puc. 62a

Cu(VO)(POs),  Pbca  7.352(1) 12.652(1) 14.504(2) 1349.13 8 0.048 Puc.62b  [1]
a-Ni(VO)2(POs).  P2i/c  6.297(2) 7.2302) 7.421(2)  90.36(2)  337.8(2) 2 0.030 Puc.62c [2]
B-Ni(VO)2(POs), P2i/c  7.2691(2) 7.2366(2) 7.4453(2) 120.231(2) 338.39(2) 2 0.019 Puc.62d [2]
a-Co(VO)(POs). P2i/c  6.310(1) 7.273(2) 7.432(2)  90.43(2)  341.1(1) 2 0031 Puc.62c [2]
B-Co(VO)(POs), P2i/c  7.2742(2) 7.2802(2) 7.4550(2) 120.171(2) 341.32(2) 2 0.023 Puc.62d  [2]
Ca(VO),(POs),  Fdd2  11.795(4) 15.784(6) 7.190(4) 13385(9) 8 0.035 Puc.62e  [3]
Sr(VO)2(PO.), Fdd2  11.992(3) 15.932(2) 7.222(2) 137981 8 0.042 Puc.62  [4]
Cd(VO)(POs).  Fdd2  11.571(1) 15.880(2) 7.138(1) 13115(1) 8 0.026 Puc.62e  [5]
a-SI(VO)2(AsOs),; 141/a  18.131(5) 18.131(5) 4.669(1) 1534.9(7) 8 0.032 Puc.62g  [6]
Ba(VO)2(AsOs),  I4i/a  18.384(2) 18.384(2) 4.651(1) 1571.9(3) 8 0.031 Puc.62g  [6]
B-SI(VO)2(AsOs). P2:2:2, 4.9269(5) 12.565(1) 12.739(1) 788.7(1) 4 0038 Puc.62f  [7]
Ba(VO)2(POs),  P2i/c  5.2204(3) 9.1702(7) 16.3247(9) 92.757(5) 780.6(3) 4 0.031 Puc.62h  [8]
Pb(VO),(POs),  P2i/c  5.2306(4) 8.5805(9) 16.790(1) 91.01(1)  753.4(1) 4 0.032 Puc.62h  [9]

Ipumeuanue: [1] Benser et al., 2008; [2] Kaoua et al., 2009; [3] Lii et al., 1992; [4] Berrah et al., 1999; [5] Leclaire et
al., 1993; [6] Wang, Cheng, 1994; [7] Wang, Tsai, 1996; [8] Grandin et al., 1992a; [9] Grandin et al., 1992b
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Ipuaoxkenue 4.6.7. Pesynsratel npoduasHoro anamuza Cu(V0O)2(AsO4)2 mo mopomkossiv XRD

JAHHBIM.

Cu(VO),(AsO,), |
R,=1.86 |
R, =4.71}

MIHTEHCUBHOCTb (arb. units)

40 60 70 80

30 50 I
26 /°(\=1.7889 A)

Mpunoxenue 4.6.8. 3nauenns (x10° K1) xoodduimentos TeH3opa TepMUUECKOTO pacIIMpeHHs

Cu(VO)2(As04). ipu pasnuunbix Temmepatypax (T, K).

T.K an 022 033 Oa Ob Olc ana  azC g o

300 11.66(3) 6.47(1) 5.30(1) 8.49(1) 6.47(2) 6.61(2) 449 269 -3.05(18) 23.43(5)
500 11.64(3) 6.46(1) 5.29(1) 8.47(1) 6.46(2) 6.60(2) 449 27.0 -3.05(18) 23.39(6)
700  11.62(3) 6.45(1) 5.28(1) 8.46(1) 6.45(2) 6.59(2) 449 270 -3.05(18) 23.35(6)
800 11.61(2) 6.45(1) 527(1) 8.45(1) 6.45(2) 658(2) 449 27.1 -3.05(18) 23.33(6)
825 11.61(2) 6.45(1) 527(1) 8.45(1) 6.45(2) 658(2) 449 27.1 -3.05(18) 23.33(4)
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Ipunoxenne 4.6.9. Mzmenenne e cBsizeir Cu-O, V-O u As-O ¢ OBBIIIEHHEM TeMITEpaTyphl B

kpucrammdeckoii crpykrype Cu(V0)2(AsOa4)s.

1.75
1.64 <As1-01>, A
I R ity s wl A=0.011
£ 1.74 s .
A=0.041 163 ¢ A=0.008
1.62 JEE
2.06
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TK T,K TK
204 1.60 17
300 400 500 600 700 800 300 400 500 600 700 800 300 400 500 600 700 800
217 175
264 <V1-02 (t)>, A <As1-02>, A
<Cu1-03>, A . =
S 5 A=0.020 A=0.012
a3 A=0.024 216 174
262 215 173
TK TK TK
261 214 - - 1.72
300 400 500 600 700 800 300 400 500 600 700 800 300 400 500 600 700 800
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o <V1-01 (eq)>, A <As1-03>, A
<l - > -
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Ipunoxenne 4.6.10. 3menenue mmun cBsazeit Cu-O, V-O u As-O ¢ noBbIIeHHEM TeMIIEPaTyphl B
kpuctanaeckoit  ctpykrype  Cu(VO)2(AsOs)2.  TeruioBble  SIUIHIICOMIBI  HAPUCOBAHBI  C

BepOATHOCTHIO 50%.

350 K

450 K

550 K

i
A 805N
60K 4,8 220
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Introduction

Relevance of the topic
To date, the priority tasks in science and industry are the search for and production of cost-

effective, resource-efficient functional materials characterized by various useful physical and
chemical properties. Important defining parameters of such functional materials, first of all, are the
chemical composition and crystal structure. Features of the crystal structure affect the nature of the
manifestation of unique properties, as well as the direction of further practical application.

In the context of the creation and study of functional materials, in recent years, the most popular
and relevant area of scientific research is the study of the behavior of magnetic materials at various
temperatures (Wang, Zhang, 1990; Nlebedim et al., 2014; Nkurikiyimfura et al., 2020; Pierobon et
al., 2021; Zhang et al., 2022). Particular attention is paid to low-dimensional magnetic systems, as
well as the area of frustrated magnetism (Katsumata, 1997; Ishii et al., 2010; Vasiliev et al., 2018;
2019). Wide interest is associated with the feature of the behavior of a magnetic material, due to the
change in the order of the magnetic moments of atoms or ions depending on temperature. At low
temperatures, the result of such a change in the material at the quantum level is a state with partial or
complete destruction of the magnetic ordering due to the strong influence of fluctuations (Wang,
Zhang, 1990; Greedan, 2001; Balents, 2010; Lacroix et al., 2011). This type includes frustrated
magnets - substances in which at low temperatures the magnetic spins cannot line up in an orderly
manner for geometric reasons, thereby creating the effect of a spin liquid (Shores et al., 2005; Zheng
et al., 2005; Colman et al., 2011; Yoshida et al., 2013). The study and search for potential materials
with the realization of a quantum spin liquid is a very important task in materials science, chemistry
and solid state physics.

In low-dimensional magnetism, quantum effects are most pronounced in systems formed by
ions with a low spin. Of particular interest to researchers are compounds with cations Cu?* and V*".
This is due to the observed magnetic phenomena arising from the complex spin-% networks of these
ions. Some minerals Cu?* and V** have such structures. However, the study of magnetic properties
on natural samples is not possible due to the presence of impurities. Despite this, minerals are actively
used as prototypes for obtaining new synthetic compounds and studying their unique functional
properties (Depmeier, 2009; Chapman et al., 1990).

A large number of copper and vanadium oxysalt minerals with interesting structural
architectures are found in natural conditions on fumaroles with a highly oxidizing environment. A
significant variety of such minerals characterizes the fumaroles of cinder cones of the Northern
Breakthrough of the Great Tolbachik Fissure Eruption of 1975-1976 (GTFE) (Fedotov et al., 1984).
Many of these minerals are formed as a result of exhalation processes involving the transport of
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natural gases (Vergasova, Filatov, 1993; Pekov et al., 2018d; Pekov et al., 2020c). A characteristic
feature of the exhalative minerals of Cu?* oxysalts is the presence of additional oxygen atoms forming
oxocentered tetrahedra [OCu4]®* (Krivovichev et al., 1998; Krivovichev, Filatov, 1999; Krivovichev
et al., 2013). [OCua4]®* complexes can polymerize through common edges and corners into structural
complexes of different dimensions in the crystal structures of exhalative minerals. The presence of
such structural fragments formed by Cu?* magnetic ions makes it possible to consider fumarole
minerals as a source of objects for the search for promising magnetic materials for various
applications. The [OCu4]®* tetrahedron is the simplest frustrated block, since it contains four spin
triangles with potentially competing magnetic interactions. To date, many of the analogues of
exhalation copper minerals with additional oxygens have been characterized as frustrated
antiferromagnets (Pregelj et al., 2012; Rousochatzakis et al., 2015; Constable et al., 2017; Inosov,
2018).

One of these new exhalative minerals of Cu?* oxysalts, promising from the point of view of
magnetism, are representatives of the group of copper oxyvanadate chlorides: leningradite
PbCus(VO4).Cl; (Vergasova et al., 1990; Siidra, 2007), averievite CusO2(VOa)2-nMClx (M=Cu, Cs,
Rb, K) (Starova et al., 1997; Krivovichev et al., 2015), coparsite CusO2((As,V)04)CI (Vergasova et
al., 1999; Starova et al., 1998), yaroshevskite CusO2(VO4)sCl> (Pekov et al., 2013d), aleutite
Cus02(As04)(VOa4) (Cu,K,Pb,Rb,Cs)CI (Siidra et al., 2019b) and dokuchaevite CugO2(V0a4)3Cl3
(Siidra et al., 2019c). All the presented minerals of this group were first identified in the fumarole
products of the Second scoria cone of GTFE. The most impressive example of a mineral acting as a
prototype for materials with unique functional magnetic properties is averievite CusO2(VOa)2-nMClx
(M=Cu, Cs, Rb, K), discovered more than 20 years ago in the «Poisonous» fumarole of the Tolbachik
volcano. As a result of many active scientific studies, synthetic analogs of this mineral with various
metal cations have been characterized as spin-liquid systems that have found application in quantum
computers under development (Fujihala et al., 2017; Volkova et al., 2017; Badrtdinov et al., 2018;
Botana et al., 2018; Dey, Botana 2020; Siidra et al., 2020; Biesner et al., 2022). This work is devoted
to the creation of new mineral-like compounds based on exhalative minerals of copper and vanadium,

as well as to the study of their magnetic properties.

Objective:

o Crystal chemical research and study of the properties of natural and synthetic copper

vanadates

Research goals:

1) Synthesis by the method of chemical vapor transport and solid-phase reactions in systems
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Cu0O-V205-CuClz and CuO-V0O2-As20s;
2) Determination of the crystal structures of new synthetic compounds;
3) Chemical analysis (EDS) and X-ray powder diffraction analysis for synthesis products;
4) Thermal analysis and vibrational spectroscopy of new compounds;
5) Study of thermal expansion of new compounds;
6) Measurements of magnetic properties;
7) Crystal chemical analysis and high-temperature X-ray diffraction analysis of volborthite.

Scientific novelty

As a result of this work, 5 new copper oxyvanadate chlorides were obtained a-CusO2(VO4)CI
(Pbcm), B-CusO2(VO4)CI (P2/n), Cus02(VO4)2:(KCl)o 5, CusO2(V0s)2-(CuCl) and CugO2(V04)4Cly,
where the second compound is the first established monoclinic polymorphic modification of
coparsite. For the last two compounds, the characters of thermal expansion have been studied.
Together with the results of the study of high-temperature behavior of volborthite
CuzV207(0OH)2-2H20 from the Tyuya-Muyun deposit, the succession of the known vanadate phases
as decomposition products of the initial samples CusO02(V0Os4)2:(CuCl), CugO2(V04)4Cl> and
CusV207(0OH).-2H,0 was established. In addition, a new copper vanadyl arsenate Cu(VO)2(AsOa)2
was obtained, which is a unique structural type with different types of V-O-V bonds 24 1\/4*-, Ogq-
[1+4+i\4+ gnd [H4*INA4* O[T 14+ Based on the results of magnetic measurements for
Cug02(V04)4Cl2 and Cu(VO)2(AsOa4)2, spin models are established, estimates of the parameters of a
specific model are given, and the main structural features that determine the energy of magnetic

interactions are considered in detail.

Theoretical and practical significance

A detailed study of the crystallization conditions for copper oxyvanadate chlorides, which are
prototypes for functional materials with promising magnetic properties, makes it possible to
determine the most effective and optimal methods for obtaining materials based on them.
Comprehensive crystal chemical analysis and characterization of 6 new synthetic compounds made
it possible to expand the understanding of poorly studied groups of copper and vanadium compounds,
which were previously known only as rare mineral species. At the same time, obtaining in the
laboratory a new monoclinic polymorphic modification of coparsite B-CusO2(VO.)Cl (P2/n)
indicates a potential prospect for the discovery and study of new mineral species of this group in the
fumaroles of scoria cones of GTFE. The study of the thermal behavior of synthetic
Cus02(VO4)2:(CuCl) and CugO2(V04)sCly, as well as a natural sample of volborthite
CuzV207(0OH)2:2H,0 from the Tyuya-Muyun deposit, suggests possible ways of their
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crystallogenesis from a set of known copper vanadates under certain conditions mineral formation.
The performed studies of the magnetic properties of CugO2(V04)4Cl2 and Cu(VO)2(AsOas). are of
great value in determining the nature of low-dimensional frustrated magnetism and various
competitive magnetic interactions that determine the boundaries and «tuning» parameters of

properties for further use as functional materials.

Methods of research

The synthesis of the compounds presented in the work was carried out by high-temperature
methods of solid-phase and chemical vapor transport reactions in the laboratory of the Department of
Crystallography of St. Petersburg State University. The solution of crystal structures was carried out
on the basis of Single crystal X-ray structural analysis (XRD) data, performed on the equipment of
the Resource Center of St. Petersburg State University «X-ray diffraction research methods» (single-
crystal diffractometers Bruker «Kappa APEX DUO» Mo Ka, Bruker «SMART APEX II» Mo Ka,
Rigaku «XtaLAB Synergy» Mo Ka). The chemical composition of the samples was determined by
the method of energy dispersive (EDS) and wave X-ray spectroscopy at the RC of St. Petersburg
State University «Geomodel» (scanning electron microscope Hitachi S-3400N), also at the RC of St.
Petersburg State University "Microscopy and Microanalysis™ a qualitative chemical analysis of
samples was performed (scanning electron microscope Hitachi TM 3000). Powder X-ray analysis
(PXRD) of powder samples to determine the degree of phase purity and the absence of impurities
was performed by the Rietveld method using diffractometers of the RC of SPbSU «X-ray diffraction
research methods» (Rigaku «MiniFlex II» Cu Ka and Co Ka, Bruker «D2 Phaser» Cu Ko and Co
Ka, Rigaku «Ultima IV» Co Ka). Characterization of the functional groups of the obtained
compounds by IR and Raman spectroscopy was carried out using the equipment of the RC of SPbSU
«X-ray diffraction research methods» and «Geomodel» (IR-Fourier spectrometer Bruker Vertex 70
FTIR, Raman spectrometer Horiba Jobin-Yvon LabRam HR800). High-temperature X-ray
diffraction experiments were carried out at the RC of St. Petersburg State University «X-ray
diffraction research methods» (Rigaku «Ultima IV» with a thermal attachment «SHT-1500»).
Complex thermal analysis (TG, DSC) was carried out in the laboratory of the Institute of Silicate
Chemistry of the Russian Academy of Sciences (STA 429 CD NETZSCH). Magnetic measurements
of the samples were performed at the RC of St. Petersburg State University «Diagnostics of functional
materials for medicine, pharmacology and nanoelectronics» (superconducting quantum
magnetometer SQUID), as well as in the Laboratory of the Institute of Experimental Physics of the

University of Augsburg (magnetometer MPMS 3).
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Thesis statements to be defended:

1. The sharply anisotropic thermal expansion of volborthite (C2/m) is due to shear deformations
of the octahedral layers relative to each other and a decrease in the angle . Above a
temperature of 180 °C, when water molecules leave the crystal structure, in the monoclinic
plane ac compression (a33) is observed along the bisector of the angle 8, and expansion (ou1)
is observed in the perpendicular direction.

2. New synthetic copper oxyvanadate chlorides, a-CusO2(VO4)Cl, CusO2(VO4)2:(KCl)os and
Cus02(V0O4)2:(CuCl), have been obtained. As a result of the refinement of the crystal structure
of B-CusO2(VOs4)CI the existence of a monoclinic coparsite polymorph has been proved.
Structural variations in a-CusO2(VO4)Cl and B-CusO2(VO4)Cl are determined by the type of
polymerization of the [OCu4]®* oxocentered tetrahedra. The pattern of the thermal expansion
of Cus02(VOs4)2-(CuCl) changes from sharply anisotropic in the range of 100-400 °C to
almost isotropic at a temperature of 500 °C.

3. The crystal structure of the synthetic analog of yaroshevskite is characterized by disordering
of the Cu6 copper site. With increasing temperature, the direction of negative thermal
expansion oss is close to the ¢ axis, along which the [02Cug]®* chains tend to the [O2Cus]®*
kagome layer configuration in averievite. The temperature of magnetic ordering in
Cug02(V04)4Cl2is 24 K, and the magnetic moments are ordered antiferromagnetically with
spin canting.

4. New copper vanadyl arsenate Cu(VO)2(AsOs). crystallizes in a new structural type
characterized by layers of VOs octahedra united by [1*4*1\/4*. Ogq-[1H4*1IN/4* gnd [+
{Oeq-1** V4 In Cu(V0)2(AsOa)2, a weak uncompensated magnetic moment develops along

the b axis, while inside the cationic sublattice the spins remain almost collinear.

Reliability of the results

The reliability of the results of this work is based on complementary experimental data obtained
using modern physical and chemical independent research methods, reproducibility of experiments
and comparison of results with data published by other researchers. In total, in the course of this work,
6 new mineral-like compounds were synthesized, structurally characterized, and their physical
properties were studied. 175 powder thermal X-ray diffraction patterns for volborthite
CuzV207(0OH)2:2H20 and Cus02(V0O4)2:(CuCl), CugO2(VO4)4Cls.

Approbation of the study

The main results of the work within the framework of this dissertation were presented in the

form of reports at 20 International and All-Russian conferences. Most of the experimental data was
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presented during an oral presentation at the International Conference "Modern Trends in the
Development of Functional Materials”, Sochi, Sirius-2021. On the topic of the dissertation, three
articles were published in scientific journals indexed in the systems Web of Science and Scopus. This
work was supported by grants from the Russian Science Foundation (Ne 16-17-10085) and the
Russian Foundation for Basic Research (Ne 19-05-00413 A).

Scope and the structure of the thesis

The dissertation consists of an introduction, four chapters, a conclusion and a list of references.
The total volume of the work is 162 pages, including 66 figures, 22 tables, 49 appendices and a
bibliography of 358 titles. Chapter 1 presents general information about the crystal chemistry of Cu?*
and V*, which are characterized by magnetic properties of these cations. In addition, the general
principles of crystal chemistry of compounds containing oxocentered tetrahedra are considered, as
well as data on the crystal chemistry of known copper oxyvanadate chlorides. Chapter 2 presents in
detail the methods of studying the compounds and the calculations used in this work. Chapter 3
discusses the results of the refinement of the crystal structure of volborthite CuzV.07(OH)2:2H.0
from the Tyuya-Muyun deposit, as well as the study of the high-temperature behavior of the mineral.
In Chapter 4, the results of the study of new copper oxyvanadate chlorides and copper vanadyl
arsenate are presented, their crystal chemical features and physical properties are discussed. An
explanation of the synthesis procedures for each compound, as well as the results of X-ray powder

diffraction analysis, are given in the appendices.
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Chapter 1. Literature data
In the first chapter, the main attention is paid to the consideration of the crystal-chemical
features of Cu?* and V** in oxygen-bearing compounds, as well as the magnetic phenomena and
properties characteristic of these ions. This chapter also briefly considers the basic principles of the
anion-centered representation of Cu?* oxysalts and the features of the polymerization of oxocentered
[OCu4]®* tetrahedra. The chapter presents in detail the exhalative minerals of the copper oxyvanadate

chloride group, considers mineral associations and conditions of mineral formation.

1.1 General information and characteristics of vanadium

The first mention of vanadium as a new chemical element dates back to the beginning of the
19th century. In 1801, the Mexican chemist A. M. del Rio, while studying a sample of lead ore from
Zimapan (Mexico) (del Rio, 1832), obtained salts of a new element, which, when exposed to acids,
gave red compounds. The element was named erythronium (from the Greek erythros - red). However,
soon as a result of the work of other researchers and his own re-examination, del Rio questioned the
conclusions and abandoned his discovery, believing that he was observing compounds of the newly
discovered chromium. The second discovery of vanadium occurred in 1830 by the Swedish chemist
N. G. Sefstrom, who discovered this element in unusually malleable iron ore from the Taberg mine
(Sweden). The researcher named it vanadium after the German-Scandinavian goddess of beauty
Vanads (Sefstrom, 1831). Later, the German chemist F. Wdohler, who was close to independently
discovering the same element, showed the identity of erythronium, observed by Rio, and vanadium,
which was discovered by Sefstrom (1831; Weeks, 1968; van G. Hoppe et al., 1990; J. Marshall, V.
Marshall, 2004).

The first description of the chemical properties of vanadium was made in 1831 by Jons Jacob
Berzelius (Berzelius, 1831), however, its chemistry was truly elucidated only in 1867 in the research
papers of the Henry Roscoe. He managed to isolate metallic vanadium (purity 96.0%) by reducing
VC1, with hydrogen, to determine the atomic weight of this element and its belonging to the
phosphorus group (Roscoe, 1867). In the future, many chemists tried to get a purer vanadium, these
attempts did not lead to a successful result. Vanadium, due to the difficulty of its purification from
oxygen, nitrogen, carbon and hydrogen, turned out to be brittle. It was not until 1927 that the chemists
D. Marden and M. Rich managed to obtain the first samples of malleable vanadium (99.8% purity)
by reducing it from V.05 with calcium (Marden, Malcolm, 1931).

In the periodic system of chemical elements of Dmitry Ivanovich Mendeleev, vanadium is
located in a secondary subgroup of the fifth group, which also includes niobium and tantalum.
Vanadium has an atomic number of 23 and its atomic mass value on the carbon scale is 50.9415

(Emsley, 1995). According to its position in the fourth period of this system of chemical elements, it
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belongs to the transition metals of the first row, which also includes such elements of side groups as
scandium, titanium, chromium, manganese, iron, cobalt, nickel, copper and zinc. These transition d-
elements have common physical and chemical properties due to the similarity of the structure of the
outer electron shells: the atoms of d-elements contain from 1 to 10 electrons at the d-sublevel of the
pre-outer electron layer and 2 at the s-sublevel of the outer electron layer. This similarity, among
other things, promotes the joint participation of these elements in the crystal structures of many
natural and synthetic compounds (Cotton et al., 1999).

By its nature, vanadium is a typically lithophilic element with relatively pronounced biophilic
properties (Kholodov, 1968). Under certain conditions, vanadium can also exhibit a siderophilic
character (Rankama, Sahama, 1950). In the Earth's crust, vanadium has a low abundance, its average
content in the upper continental crust is estimated at 113 ppm, the highest concentration of 245-254
ppm is characteristic of mafic and metabasic rocks (Grigoriev, 2010). In this regard, vanadium should
be attributed to rare elements. In the rocks of the lithosphere, vanadium is contained in approximately
the same amounts as chromium, strontium, and zirconium, and significantly exceeds the abundance
of copper, lead, zinc, and other minor elements (Kholodov, 1968).

The empirical atomic radius of vanadium is 1.35 A (Slater, 1964). The electronic configuration
of vanadium is 1s?2s?2p®3s23p®3d34s2. From the d-sublevel of the third energy level, vanadium can
donate from 1 to 3 electrons, and therefore this element has a wide variety of possible oxidation states.
In natural and synthetic compounds, vanadium exhibits oxidation states +2, +3, +4 and +5.

The ionic radii of vanadium in different oxidation states and in different coordination
environments are determined as follows: V>* =0.79 A for CN = 6; V3" =0.64 A for CN = 6; the ionic
radii of V#* are 0.53 A for CN =5, 0.58 A for CN =6 and 0.72 A for CN = 8; for V°* at CN = 4 the
radius is 0.355 A, at CN =5 it is 0.46 A, and at CN = 6 it is 0.54 A (Ahrens, 1952; Shannon, 1976).

Due to the Jahn-Teller effect (Bersuker, 1987; Halcrow, 2013; Tsirelson, 2014), which is
manifested by vanadium as a transition metal (Haas, Sheline, 1966; Suzuki, Miyahara, 1967;
Johannesen et al., 1968), in different valence states this element exhibits a wide variety of different
types of coordination geometries when surrounded by ligands, mainly oxygen.

In oxygen-bearing compounds with vanadium in the +2 oxidation state, the characteristic
coordination number (CN) is 6, rarely 4 (Serezhkin, Urusov, 2009). For V2* | the coordination
geometries are presented as [4] tetrahedron or [6] octahedron with average bond lengths <V-O> =
2.02(1) A and <V-O> = 2.13(4) A (Serezhkin, Urusov, 2009), respectively. While for V3+ the
coordination geometries are organized into the following polyhedra: [4] tetrahedron with <V-O> =
1.89(7) A, [2+3] trigonal bipyramid with <V-O> = 1.97(16) A and [6] octahedron with <V-O> =
2.01(5) A (Serezhkin, Urusov, 2009). The crystal chemical features of vanadium in the +4 and +5

oxidation states will be considered in detail below.
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The behavior of vanadium in nature largely depends on its crystal chemical properties. A variety
of valence states, a high degree of chemical activity of vanadium, the ability to form complex
compounds and other factors are the reasons for its abundance in nature, including vanadium is
present in more than 270 mineral species (according to mindat.org). Vanadium compounds are
relatively complex in composition, and they mainly form crystals of the middle and lowest categories
of crystal systems (Filatov et al., 2018; Filatov, 2019). Most of the minerals, where vanadium is the
main or one of the main components, contain groups (V°*04)* and are classified as natural vanadates.

In the variety of mineral parageneses characteristic of vanadium, the key role is played by the
active participation of this element in Oxidation-Reduction reactions. The direction and intensity of
such reactions depends on the Oxidation-Reduction (redox) potentials of the ions that make up the
system. According to V.V. Shcherbina (1939), the redox potentials of vanadium ions, measured in

volts and related to 1/n solution at 18 °C, take the following values:

V3 — V4 =+0.40
V& V= +1.24
The upper pair acts as an oxidizing agent in relation to complexes with lower values of redox

potentials in comparison with trivalent vanadium, for example, Fe(OH).", Ti%*, Cu*, etc. The same
redox pair is a reducing agent for elements with potential values, exceeding +0.40, these include: U**,
Ni(OH)2, Fe?*, Mo*", Cr¥, Mn?*, Pb?*, etc. The second pair acts as an oxidizing agent with respect
to Fe(OH),, Ti**, Cu*, (SO3)%, Cu, V3*, U, Ni(OH), Fe?*, Mo**, I, and at the same time a reducing
agent for Cr3*, Mn?*, Pb?*, MnO2, Co?* (Shcherbina, 1939). In addition, the direction of the processes
of oxidation and reduction in natural conditions is determined not only by the resulting potential of
the system, but also by the acidity-alkalinity of the mineral-forming medium. Thus, it has been
established that in an acidic medium V** can be accompanied by U**, Fe?* and cannot occur with
higher oxides of these elements (Shcherbina, 1939). In a neutral and slightly acidic medium, V** and
V°* can coexist with U*, Fe®*, Mo**, Co?*, Co®*, Mo®* and cannot be combined with lower valences
with V3*, Ti%*, Sn®*, etc. In a slightly alkaline medium, V3* can occur with Fe**, V**, Mo**, U**, but
oxidized in the presence of Co®" and others (Shcherbina, 1949). In connection with all of the above,
the variety of valence states of vanadium and various physical and chemical natural conditions
determine the diversity of minerals with the participation of this element.

The configuration of vanadium ions depends on the degree of acidity of the medium and the
pH value. Thus, in the works of Jander and Jaare (1933) and Garrels (1960) it was established that
the orthovanadate ion (VO4)* can exist at pH values of 12.5 and higher. With a decrease in this value
in the range from 9.5 to 12.5, the predominant form of organization of vanadium polyhedra is
divanadate (V207)* (also known as the pyrovanadate complex), which is characteristic of high
oxidation potentials. As En values decrease, pyrovanadate can transform into vanadite (V40g)*, and
then into black V20s. In an even more acidic environment and at a high value of Ey, the formation of
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polyvanadate (HV1002s)* is characteristic; with a decrease in the potential of the medium, vanadyl

(VO)?* and vanadine V**ions are formed.

1.2  Features of crystal chemistry of tetravalent and pentavalent vanadium in oxygen-

bearing compounds

Vanadium is an important industrial metal, the compounds of which find various applications
in ferrous metallurgy as an alloying impurity in the smelting of various steel grades (Mayer et al.,
2020), aircraft construction as coatings, medicine as potential drugs and dietary supplements
(Vorob’eva et al., 2013), optics in the form of functional glasses (Magdas et al., 2015), and in the
chemical industry as catalysts (Andrushkevich et al., 1979; Baraket, Ghorbel, 2000; Chary et al.,
2003). The most interesting and variable, in terms of the variety of possible phases, are the V** and
V>* compounds, which is due to the crystal chemical features of these valence states of vanadium.
Therefore, it is very important to consider and understand the crystal chemistry of vanadium in these

oxidation states, which is the subject of the following pages.

1.2.1 Crystal chemical features of oxysalts of tetravalent vanadium

For tetravalent vanadium V#*, the distribution of electrons over energy levels can be written as
the electronic configuration [Ar]3s23p®3d®. In the crystal structures of minerals and synthetic
compounds, the tetravalent state of vanadium is characterized by pyramidal and octahedral
coordination with the formation of vanadyl ion (VO)?*. The color of tetravalent vanadium minerals
varies from green to blue. For example, the color of crystals of pauflerite (V**0)SO4 (Krivovichev et
al., 2007) and simplotite CaV**40q-5H20 (Thompson et al., 1958) is predominantly green, while the
color of minasragrite crystals (V4'0)(SO4)-5H20 (Tachez et al., 1980) and pentagonite
Ca(V*0)Sis010-4H,0 (Staples et al., 1973) predominantly blue. Synthetic V#* compounds included
dark blue crystals of B-Sr(VO)2(AsOs)2 (Wang, Tsai, 1996), green crystals of Pb(VO)2(POa).
(Grandin et al., 1992a), Ba(VO)2(PO4). (Grandin et al., 1992b) and Ca(VO)2(POa). (Lii et al., 1992),
blue-green crystals Cs2Cu1+x(VO)2-x(P207)2 (x=0.1) (Shvanskaya et al., 2015), etc.

For the +4 oxidation state, the characteristic coordination numbers are 5 and 6; a four-
coordinate V4+ is also noted (Serezhkin, Urusov, 2009), and the most rarely encountered eight-
coordinate state (Ahrens, 1952). In these cases, the V-O bond lengths are not equivalent. In the
complete complex of bonds, one short vanadyl bond V4*-Ov, four equatorial V#*-Oeq, and one long
trans-bond V#*-Oy are distinguished. Clark defined a vanadyl bond as a shortened strong V=0 bond
ranging from 1.57-1.68A (Clark, 1968). At the same time, the equatorial bonds differ in larger lengths

and are located in the cis position with respect to the vanadyl bond. The V-Ot bond occurs in a trans
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position to the vanadyl bond, hence the name of this bond. This trans bond is usually longer than the
equatorial ones.

For V**, the coordination polyhedron in the form of a tetrahedron ([4] coordination geometry)
is characterized by the presence of one vanadyl and three equatorial bonds; thus, the average <V**-
O> length is 1.83(7) A (Serezhkin, Urusov, 2009). For the coordination geometry [1+4] (CN =5) in
the form of a square pyramid, the vanadyl V#*-Oy bond with an average value of 1.59(2) A and
equatorial V#*-Oeq bonds with an average bond length of 1.98(4) A are distinguished (Schindler et al.,
2000) (Fig. 1). And in the octahedral coordination geometry [1+4+1] for V**, a vanadyl bond with
<V#-Ov> = 1.60(4) A, equatorial bonds with <V#*-Oeq> = 2.00(5) A and a trans-bond V**-O; are
classified with an average length of 2.27(12) A (Schindler et al., 2000) (Fig.1).

Vanadyl ion (VO)?" also participates in the formation of mixed type anionic structures in
association with tetrahedral acid complexes: silicate (Basso et al., 1995; Evans, 1973; Matsubara et
al., 1982; Matsubara et al., 2003), phosphate (Shitov et al., 1984; Pring et al., 1999; Roca et al., 1997,
Medrano et al., 1998), sulfate (Cooper et al., 2003; Hawthorne, Schindler, 2001; Vergasova et al.,
2013; Krivovichev et al., 2007; Siidra et al., 2014a; 2014b) and arsenate (Wang, Cheng, 1994; Wang,
Tsai, 1996). It is noteworthy that under exhalation oxidizing conditions in the fumaroles of the Great
Tolbachik Fissure Eruption of 1975-1976 vanadyl ion (VO)?* is known in the minerals pauflerite -
VO(SOs4) (Krivovichev et al., 2007), karpovite TI2VO(SO4)2(H20) (Vergasova et al., 2013; Siidra et
al., 2014b) and evdokimovite Tl4(VO)3(SO4)s(H20)s (Vergasova et al., 2013; Siidra et al., 2014a),

where S®* acts as the T cation in the 704 anion group.

1.2.2 Crystal chemical features of oxysalts of pentavalent vanadium

The filling of energy levels with electrons for the VV5+ ion can be considered in the reduced
configuration form of the [Ar]3s23p®3d°. Known minerals of pentavalent vanadium often show bright
colors, in particular, yellow-red, yellow-green, and brown (maroon) colors (Muzgin et al., 1981;
Fotiev et al., 1988). The inclusion of other transition metals or a small amount of V#* leads to a wide
color range of \/°* (from red-brown and yellow to dark green and black) (Rostoker, 1959; Efimov et
al., 1969). As noted earlier, the origin of the vast majority of known vanadates is associated with
exogenous processes of mineral formation, namely, the exhalation activity of scoria cone fumaroles
of the Great Tolbachik Fissure Eruption of 1975-1976 is numerically superior.

For vanadium in the +5 oxidation state, a wider variety of coordination geometries is noted
compared to other states. Thus, the coordination geometry [4] (CN = 4) corresponds to the formation
of a tetrahedron around vanadium with an average <V°*-O> bond length of 1.72(1) A (Shannon,
Calvo, 1973a). Also, V°* is characterized by the geometry [1+4] (CN = 5), in which a coordination

environment is formed in the form of a square pyramid. The average bond lengths are <V°*-Oy> =
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1.59(3) A and <V°*-Oeq> = 1.89(6) A (Schindler et al., 2000). In addition, [1+4+1] (CN = 6) the
geometry in the form of a distorted octahedron with <V°*-Oy> = 1.61(3) A, <V>*-Oeg> = 1.92(9) A
and <V°*-O¢> = 2.31(8) A (Schindler et al., 2000). V>* also has a [2+3] coordination geometry (CN
= 5) with two <V°*-Ov> = 1.66(4) A and three <V°*-Oeq> = 1.95(8) A, forming a distorted tetragonal
pyramid (Schindler et al., 2000). The last coordination geometry [2+2+2] (CN = 6) is distinguished
by two vanadyl <V>*-Ov> = 1.67(4) A, two equatorial <V>*-Oeg> = 1.93(6) A and two trans-bonds
<V°*-Op> = 2.20(14) A (Schindler et al., 2000). All described coordination geometries are illustrated

in Figure 1.
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Figure 1. Coordination geometries in (VOn) polyhedra: [4] — tetrahedral coordination with bond
lengths characteristic of vanadates (Shannon, Calvo, 1973a); [1+4] — square-pyramidal coordination
with one vanadyl and four equatorial bonds; [2+3] — coordination with three equatorial bonds and
two vanadyl bonds in the cis position; [1+4+1] — octahedral coordination with four equatorial, one
vanadyl and one trans bonds in the trans position; [2+2+2] — is an octahedral coordination geometry
with two equatorial, two vanadyl, and two trans bonds (Schindler et al., 2000).

Among tetrahedrally coordinated vanadates, two families can be distinguished: ortho- and
diorthovanadates (pyrovanadates). The most numerous is the family of orthovanadates. In the crystal
structures of the minerals of this group, (VOa)* tetrahedra, similarly to phosphate (PO4)* and arsenate
(AsO4)* anions, are not connected to each other either through common corners, or through edges or
faces. The crystal structures of orthovanadates often include monovalent (Na, K), divalent (Ca, Ba,
Cu, Pb, Zn, Mn) and trivalent (Bi, Al) metal cations. Such minerals with isolated tetrahedral anionic
complexes (VOs)* include fingerite Cu1102(VOs)s (Hughes, Hadidiacos, 1985), lyonsite
CusFes(VO4)s (Hughes et al, 1987b), mchirneyite Cuz(VOa)2 (Hughes et al., 1987a) et al. Divanadate
anionic radicals are formed by two vanadium tetrahedra dividing "bridging" oxygen atoms to form
groups (V207) (for example, blossite a-Cu2V207 (Robinson et al., 1987), chervetite Pb2(V.07)
(Bariand et al., 1963), volborthite Cus(V207)(OH)2-2H20 (Basso et al., 1988)). Tetrahedral vanadium
groups can participate in the formation of mixed-type anionic structures along with other acidic
anionic complexes (silicate, phosphate, arsenate) (Yakubovich, 2009).

Vanadium has undoubtedly a high reactivity, it is easily oxidized or reduced under certain
physical-chemical conditions. And the possibility of finding vanadium in four different valence states

causes a large number of its various compounds. Thus, vanadium is typical for a wide range of



191
geochemical settings, the nature of its genesis is diverse and is determined by the behavior of other
components under certain environmental conditions discussed above. It is interesting to consider the
factors of formation of vanadium mineralization in various geological settings. This graph of the

geochemical characteristics of vanadium as a chemical element is discussed below.

1.3  General patterns of formation and distribution of vanadium in nature

Under the conditions of magmatic processes, the vanadium content increases from ultrabasic to
basic rocks, and then decreases from intermediate to acidic rocks (Fersman, 1955; Vinogradov, 1956;
Kholodov, 1968). The main carriers of vanadium are the basic rocks (gabbro, hornblendites, and
pyroxenites), in whose dark-colored, especially in ore iron-titanium minerals, the vanadium is
concentrated. Speaking about the distribution of vanadium in minerals, it should be noted that
micaceous formations (biotite and muscovite) are characterized by its maximum amounts in acid
rocks, then its content decreases in the series from titanite, augite and hornblende. When moving to
basic rocks, the distribution of minerals changes, and titanium minerals (titanomagnetite, ilmenite,
rutile) begin to play a key role, in terms of vanadium content. In general, it is believed that in the
magmatic process, vanadium, together with titanium and iron, accumulates during the primary
crystallization of magma. Vanadium is not included in the main crystallization, as well as in the
residual melt (Fersman, 1960). In extrusive rocks, the distribution of vanadium has the same trend as
in intrusive rocks. It is believed that vanadium in eruptive rocks is associated with iron, and therefore
is mainly confined to the basic extrusive rocks (Markhinin, Sapozhnikova, 1962; Kholodov, 1968).

From this point of view, it is interesting to consider the diversity of vanadium minerals under
the exhalation conditions of mineral formation of modern volcanoes Izalko (El Salvador) and
Tolbachik (Kamchatka Peninsula, Russia), the chemical composition of rocks of which is confined
to the basic type (Rose, Stoiber, 1969; Fedotov et al., 1980). The fumaroles of the Izalco volcano are
characterized by significant finds of known copper vanadates: stoiberite CusO2(VOa)2 (Birnie,
Hughes, 1979), ziesite B-Cu.V207 (Hughes, Birnie, 1980), fingerite Cu1102(VOs)s (Hughes,
Hadidiacos, 1985), lyonsite CusFes(VOa)s (Hughes et al, 1987b), mchirneyite Cuz(VOa4)2 (Hughes et
al., 1987a), blossite a-Cu2V207 (Robinson et al., 1987), howardevansite NaCuFe2(VOa)3 (Hughes et
al., 1988). But nevertheless, it is the volcanic exhalations of scoria cones of the Great Tolbachik
Fissure Eruption of 1975-1976 differ in the most diverse fumarolic vanadium mineralization. To date,
the following minerals \°* (vanadate ion (VO4)*) and V** (vanadyl ion (VO)?*) have been discovered
and studied at this type locality for the first time: leningradite PbCu3(V0a4).Cl, (Vergasova et al.,
1990; Siidra et al., 2007), coparsite CusO2((As,V)04)Cl (Vergasova et al., 1999; Starova et al., 1998),
averievite CusO2(VO4)2'nMClx (M = Cu, Cs, Rb, K) (Vergasova et al., 1998; Krivovichev et al.,
2015), pseudolyonsite Cus(VOa)2 (Zelenski et al., 2011), starovaite KCusO(VOa)s (Pekov et al.,
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2012b; Pekov et al., 2013a), yaroshevskite CugO2(VOa4)4Cl2 (Pekov et al., 2012a; Pekov et al., 2013d),
grigorievite CusFe3Al(VOas)s (Pekov et al., 2013c; Pekov et al., 2014a), kainotropite
CusFeO2(V207)(VO04) (Pekov et al., 2015b; Pekov et al., 2020a), borisenkoite Cus((V,As)Oa)2 (Pekov
et al., 2016; Pekov et al., 2020b), dokuchaevite CusO2(V04)3Cls (Siidra et al., 2018c; Siidra et al.,
2019c), aleutite CusO2(AsO4)(VOa4)-(Cu,K,Pb,Rb,Cs)CI (Siidra et al., 2018b; Siidra et al., 2019b), as
well as pauflerite B-VO(SOa) (Krivovichev et al., 2007), karpovite TI,VO(S0O4)2(H20) (Vergasova et
al., 2013; Siidra et al., 2014b) and evdokimovite Tl4(VO)3(SOa)s(H20)s (Siidra et al., 2013; Siidra et
al., 2014a). In addition, it should be added that vanadium mineralization was also found among the
products of fumarolic activity of the Bezymyannyi volcano, which belongs to the Klyuchevskaya
group of volcanoes in Kamchatka; koksharovite CaMg2Fes(VOa4)s (Pekov et al., 2013b; Pekov et al.,
2014a) and ziminaite FeVO4 (Pekov et al., 2015a; Pekov et al., 2018c) were discovered and studied
here.

Exhalation mineralization in the fumaroles of the Tolbachik volcano is characterized by a sharp
temperature drop, atmospheric pressure, and oxygen partial pressure, with hot gases escaping to the
surface (the temperature can reach up to 1000°C). As a result of these physical-chemical factors,
volcanic rocks are transformed and mineral aggregates are formed (Vergasova, Filatov, 1993).
Volcanic gas plays the role of a transport agent of a large nhumber of various compounds, which
greatly contributes to the deep fractionation of components. In the formation of the chemical
composition of the mineral associations of volcanic exhalations of Tolbachik, in general, 24 species-
forming elements at temperatures of 600-900 ° C take part: Cu?*, K, Al, Zn, Ca, Pb, Mg, Fe®*, Cu*,
Na, Cd, Te, Bi, Si, Mo, O, ClI, H, S, Se, As, V, F, C (Vergasova, Filatov, 2012). According to the
frequency of occurrence in the cationic part of the established minerals of the Tolbachik eruption of
1975-1976 the most common, in addition to copper, is potassium (Vergasova, Filatov, 2012; 2016).
The phase composition of fumarole mineralization changes with regard to redox conditions and gas
composition, which determine the form of metal transfer and their volatility. The transport of
components with different degrees of volatility in the gas phase, as well as the temperature gradient,
determine the formation of chemical zoning of fumarole deposits (Meniaylov et al., 1980; Symonds
et al., 1987; Symonds, Reed, 1993; Vicandy, Minoru, 1993; Signorelli, 1997; Signorelli et al., 1998;
Cheynet et al., 2000; Africano et al., 2002). It should be noted that most of the first discovered and
studied minerals from Tolbachik were found in the fumarole deposits of the Second scoria cone of
the GTFE Northern Breakthrough, which is a powerful source of fluid mass discharge corresponding
to the main volume of erupted lavas (Fedotov et al., 1984; Vergasova, Filatov, 2012; 2016).

The behavior of vanadium in the hydrothermal process is ambiguous. Often (but not always)
vanadium is concentrated in low-temperature Pb-Zn and Cu-Pb-Zn ores associated with carbonate

strata. The main ore minerals are galena and sphalerite, while chalcocite, bornite, pyrite are
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characterized by a lower content. In the oxidation zones of such polymetallic ores, a wide variety of
vanadium minerals are observed, formed as a result of the oxidation of primary ores. These minerals
include vanadium compounds: vanadinite Pbs(\VVO4)3Cl (Kenngott, 1856; Kingsbury, Hartley, 1956),
mottramite PbCu(VO4)(OH) (Bannister, 1933; Kingsbury, Hartley, 1956), descloizite
PbZn(VO4)(OH) (Bannister, 1933; Kingsbury, Hartley, 1956), as well as minerals Pb, Zn and Cu -
mimetesite, wulfenite, anglesite, cerussite, azurite, malachite, etc. Since primary ores do not contain
vanadium, or contain it in very small quantities, S.S. Smirnov (1955) suggested that vanadium could
be borrowed by oxidizing minerals from surface waters. There is another assumption, which is that
the oxidation of primary ores and the subsequent redistribution of vanadium borrowed from them
leads to the concentration of this element in the oxidation zone (Foshag, 1934).

Vanadium minerals of supergene origin are widely distributed. Among sedimentary vanadium
accumulations, syngenetic and epigenetic concentrations are distinguished (Kholodov, 1968).
Syngenetic concentrations include vanadium-bearing placers, iron ores, bauxites, coals, phosphorites,
and partly vanadium-bearing siliceous-carbonaceous and combustible shale. All these formations are
predominantly formed at the first stages of the sedimentation process, at the stage of sedimentation
or diagenesis. They occur in accordance with the host rocks and change according to their facies
transitions. A large role among the concentrations of vanadium as a result of hypergenesis is played
by vanadium-bearing placers of titanomagnetites, which are widespread in the areas of development
of modern and ancient volcanic rocks of the basic composition. In addition, an important factor in the
formation of placers of V-titanomagnetites is the distribution of weathering crusts related to ultrabasic
or basic rocks. In this connection, it is believed that the humid climate is characteristic and
accompanying for vanadium-bearing placers (Strakhov, 1960).

Unlike syngenetic, epigenetic accumulations of vanadium belong to the later stages of the
sedimentary process (catagenesis, weathering, metamorphism) in already formed sedimentary rocks.
These include roscoelite accumulations in sandstones, uranium-vanadium, oil and asphalt vanadium
deposits, etc. In the formation of vanadium accumulations in these deposits, the paragenesis of
vanadium with silicon plays a leading role, the nature of which may be the proximity of the radii of
V>* and Si*, ions, as well as their participation in colloidal processes (Kholodov, 1968). For these
geological settings, it is assumed that during the infiltration of sulfate waters into the mass of
carbonate strata and as a result of anaerobic oxidation of organic matter in the marginal part of the oil
deposit, an excess of CO2 is formed, which participates in the dissolution of carbonates and the
deposition of silicic acid (Kholodov, 1968, p. 221). Silica and vanadates take part in the replacement
of individual parts of the formation, being deposited in the form of concretion bodies, as a result of
which, increased concentrations of vanadium are established in the silicified parts of the formation

(Kholodov, 1968). Siliceous-carbonaceous shales often contain veinlets formed by quartz, volborthite
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CuzV207(0OH)2-:2H20 (Hess, Volborth, 1838), turanite Cus(VOa4)2(OH)s (Sokolova et al., 2004),
roscoelite X"KV!(\3*; 0)'V(AlSis)O10(OH): (Brigatti et al., 2013) and vanadium-bearing anthraxolite
(Dunn, Fisher, 1954).

Special attention should be paid to vanadium-bearing deposits such as siliceous-carbonaceous
shales of the Paleozoic or Lower Paleozoic sequences, in which the facies of shallow water reservoir
such as straits are of particular interest. These reservoirs could act as a basin for sedimentation of
transformed mafic material, the primary material for which was the basic rocks of the previous era of
intense volcanism. Such manifestations include volborthite mineralization of Central Asia, confined
to vanadium-bearing siliceous-carbonaceous shales, which appear along the foothills of the Alay
Range (Southern Fergana), the Central Kyzylkum (Uzbekistan), the Karatau Range, the Dzhebagly
Mountains, Ulytau (Kazakhstan), including carbonaceous-siliceous shales of the southeast Tien Shan
(Kyrgyzstan) (Ankinovich et al., 1963; Ankinovich, 1964; Antipov, 1908; Karpenko et al., 2016).
These deposits are part of a large vanadium-bearing province (Kholodov, 1968). In terms of the
amount of vanadium minerals, this province is surpassed only by a group of uranium-vanadium
deposits of the Colorado Plateau (USA) (Shawe, 2011).

Of great interest, from the point of view of mineral diversity, as well as geological and physico-
chemical conditions of formation, are uranium-vanadium accumulations. A good example is the
Tyuya-Muyun deposit, located on the modern territory of Kyrgyzstan in the southern part of the
Fergana Valley of the Osh region. The Tyuya-Muyun radium mine is located on the northern bank of
the Aravan river on the southern slope of the ridge of the same name, belonging to the northern Alay
Range of the southern Tien Shan mountains. The ore-bearing structures of the Tyuya-Muyun mine
include the Main ore vein (the southern slope of the Radium mountain), the heads of numerous
numbered veins of the ore field (the northern and southern slopes of the ridge), as well as numerous
karst cavities of the ridge. Uranium in Tyuya-Muyun was discovered in 1902, and by 1913 about
1000 tons of ore had been extracted. The history of the study of this object includes decades of active
study of mineral associations and the extraction of the first Soviet radium found in the ores of Tyuya-
Muyun. Most researchers of the Tyuya-Muyunskoye deposit attribute it to the type of filling of karst
cavities (Alexandrov, 1923; Fersman, 1928; Suloev, Ponomarev, 1934; Smol’yaninova, 1970;
Kazansky, 1970). The Tyuya-Muyun deposit is confined to the Paleozoic deposits, represented by the
Lower Carboniferous massive, strongly karstized, locally recrystallized limestones. The structure is
outlined in the northern and southern parts by tectonic contacts with a thick Upper Silurian sequence
of clayey-carbonaceous and siliceous shales, sandstones and tuffs. Faults are accompanied by
numerous cracks, in which veins subsequently formed. The so-called «Fergana» ore, from which
uranium, vanadium and radium were mined, is concentrated in calcite and barite bodies belonging to

ancient karst cavities in Early Carboniferous limestones (Kazansky, 1970). Numerous accumulations
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of tyuyamunite Ca(U0O2)2(VOa4)2:5-8H.0 (Chirvinsky, 1925), tangeite CaCu(VO4)(OH)
(Nenadkevich, Volchkov, 1926), turanite Cus(VO4)2(OH)s (Sokolova et al., 2004), descloizite
PbZn(VO4)(OH) (Bannister, 1933; Kingsbury, Hartley, 1956; Smol’yaninova, 1970), vanadinite
Pbs(VO4)Cl1 (Smol’yaninova, 1970), and also volborthite CusV207(OH)2:2H20 (Ginga et al., 2021)
are noted in ore-bearing marbles with accompanying quartz-barite mineralization.

The association of vanadium with organic matter may seem more ambiguous; many studies by
domestic scientists are devoted to this topic (Orlov, Uspensky, 1933; Strakhov, 1937;
Krasheninnikov, 1957; Teodorovich, 1958; Kholodov, 1960). Due to the study of the vanadium
content of oils and solid bimuts, it was found that vanadium exists in them in a trivalent state, and its
concentrations are related to the content of resin-asphaltene components in them (Shatsky, 1943).
Researchers of these objects assume that vanadium, from the point of view of chemistry, is probably
involved in the formation of complexes with porphyrins, phenols, amino compounds and other
complex organic substances (Uspenskaya, 1952). It is believed that there are two possible
development options in the origin of vanadium accumulations: vanadium is accumulated in vivo by
marine organisms and then enters the oil along with the original organic matter (Stadnikov, 1937;
Uklonsky, 1940), or it is accumulated by already formed oil from groundwater and oil-bearing rocks
(Radchenko, Sheshina, 1956). From the geochemical side of the issue, the paragenesis of vanadium
with organic matter is determined by its tendency to form complex organometallic compounds, as
well as its catalytic properties.

Thus, the entire variety of types of natural vanadium accumulations in sedimentary rocks and
ores can be described in several geochemical parageneses that characterize the behavior of this
element in supergene processes (Kholodov, 1967a):

-paragenesis of V3" with titanium and iron, which is especially characteristic of magmatic
processes and, due to the stability of vanadium-bearing minerals Ti and Fe (placers), is inherited in
surface conditions as a result of hypergenesis;

-paragenesis of V°>* with iron hydroxides, explained by the processes of sorption, chemisorption
and the ability to form compounds like fervanite Fe3*4(VOa)a-5(H20) (Hess, Henderson, 1931);

-paragenesis of V3* with organic substance, which is determined by the ability to form complex
organometallic compounds;

-paragenesis of V3*and V°* with silicon explained by similar chemical deposition conditions;

-paragenesis of V3* with aluminum (bauxite), observed due to the crystal chemical proximity
of these elements, as well as the ability of clay minerals to absorb vanadium from water;

-paragenesis of V3" with chromium, due to the similarity of chemical, crystal-chemical and

physical properties of these transition metals.
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Having considered all possible geological settings corresponding to significant vanadium
contents, it is worth noting that the greatest commercial value in terms of vanadium reserves is typical
for syngenetic concentrations (iron ores, placers and carbonaceous-siliceous shales), while epigenetic

accumulations play a leading role in mining (roscoelite, uranium - vanadium ores, asphaltenes).

1.4  General information about the magnetic properties of Cu?* and V** cations

Compounds of both bivalent copper and tetravalent vanadium are distinguished by exceptional
magnetic properties due to the low dimension of such systems, as well as competition between various
kinds of magnetic interactions. The origin of such observed phenomena lies in the electronic structure
of the ions under consideration, as well as the quantum effects characteristic of spin-'4 unpaired
electrons. For compounds containing both Cu?* and V#* ions, unique magnetic properties related to
the low-dimensional frustrated nature of magnetism are expected. To understand these phenomena,
it is necessary to consider in detail the fundamental definitions of magnetism, which is done in the
following paragraphs of this chapter.

1.4.1 Low-dimensional magnetic systems

To date, the most relevant area of research in modern condensed matter physics is the physics
of quantum cooperative phenomena. These include such phenomena as magnetism,
superconductivity, spin density waves, charge density waves, Bose-Einstein condensation,
superfluidity (Vasiliev et al., 2018). Among the non-trivial little-studied phenomena in this area, the
physics of low-dimensional magnetic systems is of great interest to many researchers. Low-
dimensional magnetism is established in systems of organic or inorganic components, where ions,
which are carriers of the magnetic moment, line up in groups or complexes of groups with a
pronounced reduced dimension. And, if in a three-dimensional object the distance and ranges of
interactions between magnetic ions are equivalent in all three directions, then in the cases of low-
dimensional systems, a sharp anisotropy of phenomena along certain directions is manifested
(Bonner, Fisher, 1964; Katsumata, 1997; Starykh, Balents, 2004).

In low-dimensional magnetism, quantum effects manifest themselves most clearly in systems
formed by ions with a low spin. Compounds of divalent copper (Inosov, 2018; Shores et al., 2005;
Hiroi et al., 2019) and tetravalent vanadium (Tsirlin et al., 2010; Wang, Tsai, 1996) are of particular
interest in inorganic chemistry, which are associated with magnetic phenomena arising from the
complex networks of spin-' of these ions. An important feature of these elements is the fact that Cu
and V are transition d-metals, and the Jahn-Teller effect is most pronounced in them (Bersuker, 1987;
Halcrow, 2013; Tsirelson, 2014). The Cu?* and V** ions, which have the [Ar]3d® and [Ar]3d*

electronic configurations, respectively, are characterized by the presence of one unpaired electron
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with spin-'4, whose effective magnetic moment peff iS 1.73 pg. In such systems, exchange magnetic
interactions J occur between two magnetic centers of atoms, thereby the spins of unpaired d-electrons
of metal centers overlap with the orbitals of a neighboring electron.

For a complete representation of the realized nontrivial magnetic phenomena in various
structures, it is necessary to understand the general aspects of typical magnetic orderings. So, the
magnetic order, when in the absence of an external magnetic field, the magnetic moments of
individual atoms or molecules are oriented with equal probability in all directions, without any
resulting direction of ordering, is classified as a paramagnetic state of the system. Under the influence
of temperature, the equilibrium of the system can shift, and as a result of the thermal motion of
particles, the directions of magnetic moments can also change continuously, but in this case the
resulting average magnetic moment of the paramagnetic substance will always be equal to zero in the
absence of an external magnetic field.

Another magnetic scenario is realized in the ferromagnetic state (FM), for which an equally
directed parallel ordering of magnetic moments is established within the entire system (lIsing, 1925;
Heisenberg, 1928). The reverse situation of the direction of magnetic moments is observed in the case
of antiferromagnetic ordering (AFM), here the spins of atoms or molecules take an antiparallel
direction relative to each other, which causes the presence of magnetization in the absence of an
external field (Mermin, Wagner, 1966). The ferrimagnetic state of the system is also different, in
which the magnetic moments of atoms of different sublattices are organized in a similar antiparallel
manner, as in the case of antiferromagnets, but the moments of different sublattices are not equivalent,
which leads to a nonzero resulting moment. Ferrimagnetic materials are characterized by a domain
structure, which can consist of two or more sublattices arranged antiparallel relative to each other.
Such sublattices can be composed of atoms or ions of various chemical elements, characterized by
different ratios of components, and, as a result, different magnetic moments. This causes the
appearance of a difference in the magnetic moments of the sublattices, which causes spontaneous
magnetization of such a material. It follows from this that ferrimagnetic systems can be considered
as special cases of antiferromagnetism with uncompensated moments (Ising, 1925; Heisenberg, 1928;

Mermin, Wagner, 1966). Figure 2 shows examples of the described magnetic orderings.
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Figure 2. Schematic representation of spin configurations in the paramagnetic state (PM),
ferromagnetic state (FM), antiferromagnetic state (AFM), and ferrimagnetic state, respectively.

There is a connection between the different presented variants of magnetic ordering, which is
realized in the temperature dependence of transitions from one state to another. This dependence is
described by the Curie-Weiss law, according to which (Takahashi, 1986):

x=CI(T-Tc) 1)
where y is the magnetic susceptibility, C is the Curie constant depending on the nature of the material,
T is the absolute temperature in kelvins, Tc is the Curie temperature in kelvins.

At T = T¢, the magnetic susceptibility tends to infinity, which means that as the temperature
tends to the Curie point and lower, spontaneous magnetization occurs in the material. This is due to
the fact that at the Curie point, the intensity of the thermal motion of the atoms of a ferromagnetic
material is sufficient to ensure the destruction of its spontaneous magnetization (magnetic order) and
a change in symmetry, as a result of which the ferromagnet becomes a paramagnet. The Curie-Weiss
law also applies to antiferromagnets at temperatures above the Neel point Tn (T¢ symbol for AFM).
In this case, the constant Tc in the formula has a negative value, and its absolute value is close in
order to the Neel temperature Tn. Above Tn, the antiferromagnetic characteristic order of the material
is destroyed, and a rearrangement into a paramagnetic system occurs (2nd phase transition) (Haldane,
1983; Ayuela et al., 2013).

It is worth noting that for many compounds the Curie-Weiss law is not applicable in the vicinity
of the Curie point, since it is based on the mean field approximation. For such compounds, the critical
behavior is described by the following expression:

x~1(T-Tc)" )
where vy is the critical index. In the case of such a compound, it should be taken into account that at
temperatures T>>T¢ the Curie-Weiss law still holds, but in this case TC represents a temperature
slightly higher than the actual Curie point (Lin et al., 2015).

In low-dimensional magnetism, the lowest dimension link (zero dimension) is the system of
two weakly bound ions. Such systems are dimers that can form singlet nonmagnetic states. In addition

to dimers, components consisting of four ions will also have zero dimension. In the case when the
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ions are organized into the structure of an isolated chain, and the second similar chain is located far
from the first in the crystal, then we are talking about a one-dimensional (quasi-one-dimensional)
magnetic system (Belik et al., 2004). In a situation where the ions-carriers of the magnetic moment
will line up in an isolated plane, one should speak of a two-dimensional magnetic system (Vasiliev
et al., 2018). Thus, when we are dealing with magnetic interactions in low-dimensional units (for
example, in FM layers, Fig. 3), but these units are not interconnected in the total volume of the
structure, then in this case this state should be called a low-dimensional ferromagnetic state (Zhang,
2019).
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Figure 3. Schematic representation of a three-dimensional structure with low-dimensional layers with
FM orderings.

The magnetic exchange interaction is considered direct when the overlap occurs between two
metallic spins (Siidra et al., 2020). However, more complex variants of the exchange can also occur,
when the d-orbital of one cation overlaps with the p-orbital of the intermediate anion. In a situation
where oxygen acts as an intermediate atom, that is, M-O-M, we are talking about an indirect exchange
- superexchange. When there are two oxygens between the M-0-O-M, cations, a super-superexchange
SSE is realized. (Nekrasova et al., 2020). Depending on the configuration of the electrons, the angle,
and also the type of bond, such superposition methods are reflected in local FM or AFM interactions.
The type of interaction can be identified based on the proximity to 90° of the angle between two
magnetic ions with an intermediate non-magnetic O, that is, M-O-M, in this case a weak
ferromagnetic exchange occurs. If the M-O-M angle is close to or equal to 180°, then we are talking
about a strong antiferromagnetic exchange. Therefore, having information about the crystal structure,
one can not only predict the magnetic properties, but also influence their manifestations by controlling
the magnetic moments of cations and their site in the structure, and at the stage of exploratory
synthesis with the choice of reagents, it is completely intentional to create a new system taking into
account the spins of possible cations, as well as their interactions with each other.
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Low-dimensional magnetism fundamentally differs from the classical scenarios of magnetic
ordering, which were considered above. The difference lies in the fact that low-dimensional magnetic
systems do not imply the achievement of an ordered state at low temperatures. The state realized in
low-dimensional magnetic systems is defined as spin liquids. As with many physical phenomena, an
analogy can be drawn, so the physics of spin liquids is very similar to the specifics of the
superconducting state (Bednorz, Muller, 1986; Vasiliev et al., 2018).

For the theory of low-dimensional magnetism, a series of key theoretical provisions have been
established that explain the specific behavior of these systems in a wide temperature range (Onsager,
1944; Berezinskii, 1972; Kosterlitz, Thouless, 1973; Haldane, 1983; Dagotto, Rice, 1996).
Nevertheless, the physics of magnetic phenomena in low-dimensional systems is currently still not
intuitive in comparison with other sections of classical physics, therefore, in order to expand the
understanding of this phenomenon, practical observations are accumulated in the form of
confirmations of theoretical models on any specific objects that are studied by experimenters.
(Miyahara, Ueda, 1999; Johannes et al., 2006; He et al., 2004).

One of the most significant approximations of low-dimensional magnetism with other physical
phenomena is the comparison of the properties of a magnet with the properties of a superconductor.
This model touches upon an additional degree of freedom - the orbital motion of electrons. Orbital
ordering (also known as the Jahn-Teller effect) can contribute to the fact that electrons can be
redistributed in the crystal lattice, and then again split into pairs, and so on, as a result of which the
behavior of a low-dimensional magnet will be comparable to the behavior of a superconductor
(Bednorz, Muller, 1986; Anderson, 1987; Gozar, Blumberg, 2006). In other words, if there is a
connection with a low dimensionality of the magnetic system, which in the insulating state resembles
a superconductor, it will be enough to add charge carriers to it or apply pressure, as a result of which
such a magnet will pass into the state of a superconductor. To date, a successful example of such a
transition is already known for the compound Sr12Ca,Cu24041 (Gozar, Blumberg, 2006), which also
has the informal name «telephone number» due to the order of indices for chemical elements 12 2 24
41. This compound is an example of how it is possible to turn a low-dimensional magnet into a true
superconductor by simultaneously doping (La) and applying pressure.

The study of low-dimensional magnetism and the expansion of ideas about the boundaries of
its action are undoubtedly important for constructing a unified physical picture of cooperative
phenomena, within which a single formalism is applied with the unification of such completely
different phenomena as magnetism, superconductivity, Bose-Einstein condensation and others.
(Nikuni et al., 2000; Waki et al., 2005).
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1.4.2 Frustrated magnets, kagome structure and their features

The physics of frustrated magnetism is closely related to the physics of low-dimensional
magnetism (Vasiliev et al., 2018). In this case, exchange interactions are established, which sharply
and strongly compete with each other, due to a certain order of arrangement of magnetic ions in the
crystal structure. Such a strong competition leads to a state of frustration of the entire magnetic
system, which essentially causes similar effects that develop in low-dimensional systems (Coldea et
al., 2003; Gnezdilov et al., 2012). Low-dimensional frustrated magnetic systems do not lend
themselves to the classical state of the Neel order or to the ferromagnetic state with a particular Curie
temperature.

One of the most impressive examples of frustrated magnetism with the formation of the spin
liquid effect is the kagome structure. The concept of «kagome» comes from the name of the traditional
Japanese method of weaving baskets. The basis of the design are rings formed by the connection of
regular geometric shapes. In general, kagome is a hexagonal mosaic of alternating regular triangles
and hexagons. The kagome structure underlies the structure of a few natural and synthetic
compounds. The main characteristic of kagome is the relative position and direction of the magnetic
spins of the atoms that form this structure (Kohno et al., 2007).

The appearance of frustrated lattices in a material is due to the impossibility of the crystal
structure to optimally minimize the energy of all magnetic spins. They must be antiparallel to
compensate for each other, but due to geometric features, the corners of a triangle can be given as an
example of a two-dimensional case, this condition is not achieved (Lacroix et al., 2011).

In other words, the spin liquid quantum effect can be described as a disordered liquid-like state
in the structure of a material, with magnetic frustration. Such a phenomenon occurs in materials with
a tendency to geometric frustration, when there are no charge carriers, but, despite this, the existing
degrees of freedom of rotation lead to a disordered excited state (Lacroix et al., 2011). The spin liquid
usually corresponds to the state of the material at a low temperature, that is, when the temperature is
much lower than the interaction energy. But, unlike most materials, the spins in a liquid are not
ordered even at ultralow temperatures. Instead, they form collective entangled states (Shores et al.,
2005; Balents, 2010; Starykh et al., 2010; Lacroix et al., 2011; Gnezdilov et al., 2012).

The state of the spin liquid can be most simply described by further successive representations.
So, given two spins, let them interact antiferromagnetically. They tend to orient themselves in the
opposite direction relative to each other, but this direction is not defined. For example, the first can
look up and the second down, and this state is in superposition with the other, when the first looks
down and the second up. If there are not two spins, but a whole spin chain with antiferromagnetic

interaction, then the spins will try to repeat the situation above in each pair - both with the neighbor
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on the left and with the neighbor on the right. The result is an unusual, rather complex state. We can
say that the state in the spin chain is on the border between order and disorder (Shores et al., 2005;
Balents, 2010) (Fig. 4). In most structures, the spins are ordered as a result of all processes, but in the
kagome lattice, without reaching ordering, the spins thus form a spin liquid.
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Figure 4. Schematic illustration of the location of magnetic spins during frustration in a planar grid
(@) and in a three-dimensional structure using the example of a tetrahedron (b).

One of the most illustrative examples of the implementation of the kagome order in the crystal
structure, which affects the unique magnetic properties, is volborthite CuzV.07(OH)2-2H,0 and its
synthetic analogs (Hiroi et al., 2001; Bert et al., 2005; Yoshida, 2009a; 2009b; 2012a; 2012b; 2017,
Ishikawa et al., 2012; 2015; Janson et al., 2016; Inosov, 2018; Ikeda et al., 2019; Hiroi et al., 2019).
From the point of view of solid state physics, special interest and attention to volborthite and its
synthetic analogs arose in the early 2000s, when it was found that volborthite exhibits unique
antiferromagnetic properties (Hiroi et al., 2001), and copper atoms form a sublattice in the form of a
kagome grid (Ishikawa et al., 2012). A whole series of works is devoted to the study of the magnetic
properties of synthetic analogues of volborthite obtained for a mixture of CuO/Cu(OH)2 and V205 by
hydrothermal synthesis with the participation of HNOs (Bert et al., 2005; Yoshida, 2009a; 2009b;
2012a; Hiroi et al., 2019). The results of studies of the magnetic properties of synthetic analogs of
volborthite, the dependence of magnetic susceptibility on temperature and the dependence of
magnetization on magnetic field strength, reveal anomalous magnetic transitions (Bert et al., 2005;
Yoshida et al., 2009a; 2009b; 2012a; 2012b). Such non-trivial magnetic properties are associated
with the features of the crystal structure of volborthite. Thus, in the crystal structure of volborthite
CuszV207(0OH)2:2H20, there are two nonequivalent sites Cul and Cu2, which form isosceles triangles
Cu2CulCu2, which fit into distorted kagome layers. According to the latest DFT calculations based
on the density functional theory, it was found that four leading competing magnetic interactions are
present in volborthite: antiferromagnetic (J and J2) and ferromagnetic (J° and J1). This model leads
to a system of coupled trimers, where each trimer is coupled ferromagnetically to the four nearest
neighboring trimers and antiferromagnetically to two adjacent collinear trimers (Fig. 5). Due to this

unusual arrangement of magnetic moments and the competition of different interactions, volborthite
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became one of the first candidates for studying the spin liquid effect. Successful studies of magnetic
properties on synthetic analogs of volborthite have expanded our understanding of the physics of this
phenomenon (Hiroi et al., 2001; 2019).
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Figure 5. Magnetic model of volborthite with magnetic trimers (filled ovals) formed by the dominant
antiferromagnetic interaction J (a). Pathways of indirect exchange (superexchange) of Cu—O—-V-O-
Cu within the trimer (b). An effective model for the interaction of trimers with ferromagnetic J; and
antiferromagnetic Jz, J’2, J3 (c, d) (Janson et al., 2016; Inosov, 2018).

Another impressive example is the averievite CusO2(VOa4)2-nMClx (M=Cu, Cs, Rb, K) and its
synthetic varieties with alkali metal cations, whose crystal structures contain the kagome motif
(Volkova, Marinin, 2018; Botana et al., 2018; Winiarski et al., 2019; Dey, Botana, 2020; Kornyakov
et al., 2021; Biesner et al., 2022). Despite the fact that averievite was discovered more than 20 years
ago in the «Poisonous» fumarole of the Second scoria cone of GTFE 1975-1976 (Starova et al., 1997;
Vergasova et al., 1998; Krivovichev et al., 2015), its crystal structure served as a prototype for many
synthetic analogs with different alkali metal cations and different halide complexes in the channels
(Botana et al., 2018; Winiarski et al., 2019; Kornyakov et al., 2021; Biesner et al., 2022). Synthetic
analogues of this mineral with various metal cations have recently attracted the attention of
researchers and have been characterized as spin-liquid systems (Volkova, Marinin, 2018; Botana et
al., 2018; Winiarski et al., 2019; Dey, Botana, 2020; Biesner et al., 2022). The spin liquid effect is
determined by the ideal ordering of kagome in the layers, which is created by copper ions Cu?*
coordinating the oxygen centers of the [OCu4]®" tetrahedra. Antiferromagnetic exchange interactions
Cu-Cu J; and J; are recorded in kagome layers (Fig. 6).



Figure 6. Crystal structure of the synthetic analogue of averievite CusO02(VOa4)2(CsCl) (a).
Arrangement of polyhedra Cu?* and V°* in the form of hexagonal honeycomb rings (b). Kagome
layers of copper atoms and intrachannel cesium (c). Magnetic model of the synthetic analogue of
averievite Cus(V0Os)2(CsCl) with AFM by exchange interactions J; and Jz: Cu-Cu distances in the
kagome layer (A) (d), a lattice of copper atoms including sites Cul and Cu2, the Cu-Cu interlayer
distance is indicated in A (e) (Botana et al., 2018).

Scientists believe that the spin liquid effect will help create new superconducting materials.
Many laboratories around the world are trying to create structures based on the kagome lattice. Such
materials can be used in electronic devices with zero energy losses, as components of modern data
storage devices and supercomputers (Broholm et al., 2020; Jiilich Supercomputing Centre, 2018,

2019).

1.5  General principles of crystal chemistry of inorganic compounds and minerals containing

oxocentered tetrahedra

In addition to the classical cation-centered representation of the crystal structures of minerals
and inorganic compounds, there is an approach to consider the structure of some compounds with the
isolation of anion-centered complexes XA4, where X is an anion, A is a cation (Bergerhoff, Paeslack,
1968; Effenberger, 1985; Krivovichev, Filatov, 1999; Krivovichev, Filatov, 2001; Krivovichev et al.,
2013). In the crystal structures of such compounds, in addition to anionic acidic residues, there are
anions that are not part of these complexes and occupy a separate position, including not only the
compensation of the total charge of the compound. As such an additional anion involved in the
formation of anion-centered complexes (XA4) is oxygen O%, which is characterized by the formation
of four oxygen-metal bonds directed to the vertices of a regular tetrahedron. The strength of such
oxygen-metal bonds in certain cases exceeds the strength of other bonds that an atom of this metal

forms. In other words, additional oxygen atoms bind to cations, forming oxocentered tetrahedra with
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a relatively high chemical bond strength (Hill et al., 1994; Prewitt, Downs, 1998), which manifests
itself not only in the geometric aspect of the structure, but also in various physical properties
(Krivovichev et al., 1998; Nazarchuk et al., 2000; Siidra et al., 2019a; Nekrasova et al., 2018; 2020;
2021a; 2021b).

The main anions capable of forming tetrahedra (XA4) are 0%, N*, F-, in this descending order
they are found in compounds (Filatov et al., 1992; Schleid, 1996; 1999; Krivovichev, 1999). The
determining factors explaining the wide occurrence of tetrahedra (XAs) for X = 0%, N*, F are their
high electronegativity, rigidity, and low polarizability. The general principle for the formation of a
tetrahedron (XAs) states that «the existence of a tetrahedron (XA4) is possible when the cation A can
form an A-X bond with a Vx/4 valency» (Krivovichev, Filatov, 2001). As a cation A in the
tetrahedron (XA4) among compounds with an additional oxygen atom, one of the most common is
Cu?".

As mentioned earlier, the Cu?* cation has the [Ar]3d® electronic configuration, which is
characterized by the formation of octahedral complexes distorted by the Jahn-Teller effect, in the
formation of which four short equatorial bonds and two long apical bonds take part. Despite this,
compared with other divalent metal cations, Cu?* is distinguished by a wide variety of flexible,
distortion-prone coordination geometries, the main of which are the [4+2]-distorted octahedron,
[4+1]-tetragonal pyramid, [3+2] -trigonal bipyramid and [4]-distorted square plane (Hathaway, 1984;
Willett, 1991; Burns, Hawthorne, 1995). The O-Cu?* bonds in the anion-centered [OCu4]®* complexes
are characterized by an average valence of 0.50 vu, which causes a rich variety of compounds based
on oxocentered [OCu4]®* tetrahedra.

For the general classification of anion-centered complexes, the determinants described below
are used (Krivovichev et al., 1997; Krivovichev, Filatov, 2001). Dimension of the complex D, for
isles complexes D = 0, for chain complexes D = 1, for layered complexes D = 2, for framework
complexes D = 3. The type of union of tetrahedra in the complex is ML, and the type of union of the
tetrahedron is L, where the parameter L is determined by the number of vertex atoms common to two
adjacent polyhedra in the complex. For an isolated tetrahedron, L = 0, for a tetrahedron united with a
neighboring one through a corner, the edge and face L are 1, 2 and 3, respectively. The number of
linkages of a tetrahedron s is determined by the number of tetrahedra with which it has common
vertices, regardless of the pathway of linkage (Lima-de-Faria et al., 1990). The multiplicity of the
tetrahedral complex M is equal to the number of isolated tetrahedra, rings, chains, or layers, which
form a complex of the same dimension as the original complexes. The periodicity P of a simple chain
is determined by the number of tetrahedra in its identity period. Chains with P = 1,2,3,4 etc will be
called single-linked, double-linked, etc. The periodicity P of a multiple chain corresponds to the

periodicity of those simple chains, with the help of which the given multiple chain is formed by
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gradual growth. In addition to the general characteristics presented, more specific parameters are also
resorted to, such as the connectivity formula, connectivity diagram, topological and configurational
equivalence of tetrahedra in the complex, as well as the X:A ratio for the [XnAm] complex of anion-
centered complexes (XA4) (Krivovichev, Filatov, 2001).

The crystal chemistry of minerals and inorganic compounds containing anion-centered
complexes remains one of the not quite traditional areas of modern crystallography and structural
mineralogy. On the scale of the known studied minerals and inorganic compounds, this approach is
applicable only to a small number of them. At the same time, to highlight such anion-centered
complexes, crystal chemical bases are required, among which they can act as the highest degree of
bond strength, anisotropy in the manifestation of physical properties, the need to highlight these
complexes to consider various models associated with the functional properties of compounds, etc.

1.6 General information on the crystal chemistry of copper oxyvanadate chlorides

A rich variety of minerals with crystal structures built on complexes of [OCu4]®* oxocentered
tetrahedra characterizes the exhalation activity of fumaroles of scoria cones of the Great Tolbachik
Fissure Eruption of 1975-1976. From the point of view of magnetism, minerals of the group of copper
oxyvanadate chlorides, which are mineralogical endemic of the «Poisonous» fumarole of the Second
scoria cone of Northern Breakthrough of Tolbachik volcano, are of particular interest, namely:
leningradite PbCus(V0a4):Cl> (Vergasova et al., 1990; Siidra et al.,, 2007), coparsite
Cus02((As,V)04)CI (Starova et al., 1998; Vergasova et al., 1999), averievite CusO2(VO4)2-nMCly (M
= Cu, Cs, Rb, K) (Vergasova et al., 1998; Krivovichev et al., 2015), yaroshevskite CugO2(V04)4Cl2
(Pekov et al., 2012a; 2013d), dokuchaevite CugO2(VO4)3Cls (Siidra et al., 2018c; 2019c) and aleutite
Cus02(As04)(VOa4) (Cu,K,Pb,Rb,Cs)CI (Siidra et al., 2018b; 2019b). The crystallographic data of
these minerals are presented in Table 1. It can be seen from the formulas of the minerals that, in
addition to impurities of various alkaline cations in the copper sites, in coparsite and aleutite, a
pronounced isomorphism of V°* and As® in the 7°* site of the (7°*04)* complexes is also observed.
In addition, according to the data of chemical analyzes of the presented minerals, the (7°%04)*

complexes can also include Si, P, S, Fe, Mo.
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Table 1. Crystallographic parameters of all known exhalation copper vanadate minerals with an
additional chloride anion discovered at Tolbachik volcano.

Mineral Space a(Ay/° b(A)/° c(A)/° V (A3) Ry
Group

Leningradite Ibam 9.005(7) 11.046(9) 9.349(7) 929.9(13) 0.024

PbCUs(VO4)2C|2

Coparsite Pbcm 5.440(1) 11.154(2) 10.333(2) 626.98(1) 0.048

CU402[(AS,V)O4]C|

Averievite P-3m1 6.3778(2) 6.3778(2) 8.3966(3) 295.79(2) 0.042

CU502(VO4)2'

nMCly

(M = Cu,Cs,Rb,K)

Yaroshevskite P-1 6.4344(11) 8.3232(13) 9.1726(16) 442.05(13) 0.073
CugO2(VO4)4Cl, 105.338(14) 96.113(14) 107.642(1)

Aleutite C2/m 18.090(2) 6.2284(6) 8.2465(9)  929.1(2) 0.066
[CusO2](AsO4)(VOs)- 90.597(2)

(CUo_sDo,s)C|

Dokuchaevite P-1 6.332(3)  8.204(4) 15562(8)  801.9(7) 0.057
CugO2(VO4)sCls 90.498(8) 97.173(7) 90.896(13)

To fully understand the crystallochemical aspects of the mineral-like compounds of the CuO-
V20s5-CuClz system under study, it is necessary to consider in detail the crystal structures of known
minerals. Next, the crystal chemical features of exhalative minerals of the group of copper
oxyvanadate chlorides, will be analyzed in detail.

Leningradite. Leningradite PbCus(VOa4)2Cl. is the first studied lead-copper vanadate with an
additional chloride anion found in the products of fumarolic activity of the Second scoria cone of the
Northern Breakthrough of the Great Tolbachik Fissure Eruption (1975-1976). Leningradite was found
in close association with anglesite, hematite, lammerite, and tolbachite (Vergasova et al., 1990).
According to quantitative chemical analysis of leningradite, its formula is
Pb1.01(Cu2.80ZN0.05)5=2.94((V1.00AS0.01)2=1.0204)2(Cl1.9000.10)z=2.00 (Vergasova et al., 1990).

The crystal structure of leningradite PbCus(VOa)2Cl. contains one symmetrically independent
Pb site coordinated by four O atoms and four Cl atoms. The crystal structure also contains two
symmetrically independent Cu centers, Cul and Cu2, which are located in a distorted octahedral [40
+ 2CI] coordination. One symmetrically independent site V, occupied by V°', is tetrahedrally
coordinated by four O atoms, the bond lengths lie in the range characteristic of vanadates (Fig. 7).



Figure 7. Coordination environment of sites of Pb?*, Cu?*, V°* cations in the leningradite crystal
structure (according to Siidra et al., 2007).

Table 2. Bond lengths (A) in the crystal structure of leningradite (according to Siidra et al., 2007).

Pb-02 2.599(4)x4 Cu2-01 1.948(4)x2
Pb-Cl 3.032(2)x4 Cu2-02 1.976(4)x2
Cul-01 1.970(4)x4 Cu2-Cl 2.760(3)
Cul-Cl 2.953(3)x2 Cu2-Cl 2.873(3)
V-02 1.696(4)x2
V-01 1.733(4)x2

The crystal structure of leningradite is described in terms of cation-centered polyhedra. There
are 2 types of chains C* and C’, which are formed by square plans of CuO4 and tetrahedra (VO4)*,
united by common oxygen vertices. The chains C” and C”’ are extended along the ¢ and a axes,
respectively. Together, the chains form a three-dimensional framework with elliptical channels filled

with Pb?* cations and CI~anions (Siidra et al., 2007) (Fig. 8).
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Figure 8. Crystal structure of leningradite in the projection on the ¢ axis (a). C’ and C’’ chains
consisting of CuO4 squares and (VO4)* tetrahedral (b) (according to Siidra et al., 2007) (gray — atoms
Pb, blue — atoms Cu, dark blue — atoms V, green — Cl, red — O).

Coparsite. Coparsite CusO2[(As,V)O4]Cl is the next member of copper oxyvanadate chloride
minerals found in the products of echalation activity of the «Poisonous» fumarole of the Second scoria
cone of the GTFE (Vergasova et al., 1999). For coparsite, the characteristic mineral associations are

euchlorine KNaCuzO(S04)s (Scordari et al. 1989), tolbachite CuCl, (Vergasova, Filatov, 1983),
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ponomarevite KsCusOClio (Vergasova et al., 1988b), kamchatkite KCusOCI(SOa4)2 (Vergasova et al.,
1988a), as well as the KsCusFe**02(SOs)s - K3CusAlO2(SO4)s minerals of the klyuchevskite-
alumoklyuchevskite series (Vergasova et al., 1989; Gorskaya et al., 1995). Figure 9 shows the
coordination environment for all cations, and Table 3 shows the cation-anion bond lengths in the

coparsite crystal structure.

Table 3. Bond lengths (A) in the coparsite crystal structure (according to Starova et al., 1998).

Cul-01 1.941(1)x2 Cu3-03 1.933(1)
Cul1-02 1.977(1)x2 Cu3-01 1.942(1)
Cu2-01 1.938(1)x2 Cu3-01 1.951(4)
Cu2-02 1.982(1)x2 Cu3-03 2.427(1)
Cu2-Cl 2.585(2) Cu3-Cl 2.388(2)
Cu2-Cl 2.865(3) As/V-02 1.721(1)x2
As/V-03 1.679(1)x2
01-Cu2 1.938(2)
01-Cul 1.940(1)
01-Cu3 1.942(1)
01-Cu3 1.951(2)
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Figure 9. Coordination environment of Cu®*, As>*/V°* cations in the coparsite crystal structure
(according to Starova et al., 1998).

The crystal structure of coparsite is a three-dimensional framework containing [O2Cua]** chains
formed by the union of oxocentered [OCu4]®* tetrahedra through common edges. These chains of
oxocentered tetrahedra are elongated along the c axis. The crystal structure of coparsite also contains
additional chlorine atoms and tetrahedral complexes (704)*, where As®* and V°* isomorphically enter
the 7°*. According to the quantitative chemical analysis of the mineral coparsite (Vergasova et al.,
1999) its empirical formula calculated on the basis of 7 (60+1Cl) anions can be written as follows:
Cus.89F€0.0101.93[(AS0.6V0.385003) 4] Clio7. From which it follows that the 7°* site in the (704)*

tetrahedral complexes is predominantly occupied by arsenic.



Figure 10. Crystal structure of coparsite along the a axis (according to Starova et al., 1998) (red
polyhedra are oxocentered [OCu4]®* tetrahedra, blue polyhedra are predominantly arsenate tetrahedra
(AsO4)%).

Averievite. Averievite CusO2(V0O4)2-nMCly (M=Cu, Cs, Rb, K) is another copper oxyvanadate
with an additional chloride anion. The formation of the mineral is directly related to the fumarolic
activity of the Second scoria cone of the Great Tolbachik Fissure Eruption (Vergasova et al., 1998).
The crystal structure of natural averievite was redefined with the increase the P3 space group to the
P-3m1 group (Krivovichev et al., 2015). According to the quantitative chemical analysis, the
following chemical formula was determined for the mineral:
Cus.0002.19[(V0.94M00.04F€0.02)5=1.0003.89] 2 Cuo.56Cl1.12° (Cs0.17K0.15Rb0.06)x=0.38Clo.40. The coordination
environment of cations in the averievite crystal structure is shown in Figure 11. Table 4 shows the

bond lengths in the averievite structure.

Figure 11. Coordination environment of Cu?*, V®" cations in the averievite crystal structure
(according to Krivovichev et al., 2015).

Table 4. Bond lengths (A) in the crystal structure of averievite (according to Krivovichev et al.,
2015).

Cu2-02 1.869(5) V-02 1.652(5)
Cul-01 1.8798(9)x2  V-03 1.735(4)x3
Cu2-01 1.919(5) M1-Cl 2.178(6)x2
Cul-03 1.987(3)x2 M2-Cl 2.020(6)x2
Cu2-03 2.080(4)x3

01-Cul 1.888(1)x3

01-Cu2 1.924(2)




211

The crystal structure of averievite is a porous framework of layers of oxocentered [OCu4]®*
tetrahedra surrounded by (VOa)* vanadate tetrahedra according to the «face-to-face» principle
(Krivovichev, Filatov, 2001). This framework has wide channels extended along the ¢ axis and having
a free diameter of about 3.7 A. In these channels, the inclusion of electrically neutral complexes is
possible. The tunnels can contain two cationic (M1, M2) sites and one anionic (Cl) (Fig. 12). The
Cu?* ions, which coordinate the oxygen centers of the [OCu4]®" tetrahedra, form a regular ordered
kagome network in the [O2Cus]®" layers. Such structures are characterized by unique magnetic
properties associated with the spin liquid effect (Shores et al., 2005; Zheng et al., 2005; Colman et al.,
2011; Yoshida et al., 2013).

(@)

Figure 12. Crystal structure is averievite along the c¢ axis (a) and along the b axis (b) (red polyhedra
are oxocentered [OCus]®* tetrahedra, blue polyhedra are vanadate tetrahedra (VO4)*, gray balls are
M1 and M2 sites, green are Cl).

Yaroshevskite. Yaroshevskite CugO2(VO4)4Cl2 is another member of copper oxyvanadate
chloride minerals found in the products of the activity of the «Poisonous» fumarole of the Second
scoria cone of the GTFE (Pekov et al., 2013d). According to the results of quantitative chemical
analysis, the formula of yaroshevskite, calculated on the basis of 20 (180 + 2Cl) anions, has the
following form: (Cus.goZno.o7F€0.01)s=8.88(\V3.87M00.12AS0.03)5=4.02018.01Cl1.99 (Pekov et al., 2013d).

The crystal structure of yaroshevskite contains 6 symmetrically independent copper sites, Cul,
Cu2, Cu3, Cu4, Cu5, Cu6, and 2 symmetrically independent vanadium sites, V1 and V2. All copper
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sites are coordinated by four oxygen atoms to form a planar-square coordination geometry. The Cu2
site is additionally coordinated by the chlorine atom to form a distorted tetragonal CuO4Cl pyramid.
The crystal structure of yaroshevskite can be described in terms of both cation-centered and anion-
centered polyhedra. The coordination environment of the cationic sites in yaroshevskite is shown in

Figure 13. The cation-anion bond lengths are shown in Table 5.

Figure 13. Coordination environment of the Cul, Cu2, Cu3, Cu4, Cu5, Cu6, V1, and V2 sites in the
yaroshevskite crystal structure (according to Pekov et al., 2013d).

Table 5. Bond lengths (A) in the crystal structure of yaroshevskite (according to Pekov et al., 2013d).

Cul-08 1.885(6) V1-05  1.670(7)
Cul-06 1.913(6) V1-03  1.729(6)
Cul-05 1.941(7) V1-04  1.737(7)
Cul-07 1.967(6) V1-02  1.771(6)
Cu2-01 1.934(7) V2-01  1.653(7)
Cu2-02 1.957(6) V2-08  1.718(6)
Cu2-03 1.960(6) V2-06  1.721(6)
Cu2-03 2.055(7) V2-09  1.745(7)
Cu2-Cl 2.553(3)

Cu3-07 1.897(6) 07-Cu3  1.896(1)
Cu3-02 1.913(6) 07-Cu4  1.916(2)
Cu3-09 1.931(7) 07-Cu5  1.916(1)
Cu3-04 1.983(6) 07-Cul  1.967(1)

Cu4-07 1.916(6)x2
Cu4-08 1.984(7)x2

Cu5-07 1.916(6)x2
Cu5-06 1.995(6)x2

Cu6-09 1.875(7)x2
Cu6-04 2.032(7)x2

In the terms of cation-centered polyhedra, the yaroshevskite crystal structure can be represented
as a framework consisting of corrugated chains developed in the ac plane, which are interconnected
by cation-centered vanadate and copper polyhedra. Chain structures are planar squares connected
through common edges, in the center of which copper atoms Cul, Cu4, Cu5 are located (Fig. 14a).
Along the c axis, chains parallel to each other are connected by vanadate tetrahedral complexes and

planar squares, in the center of which there are copper atoms Cu3 and Cu6 (Fig. 14b). The site of Cu2
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is in the center of a five-vertex formed by surrounding the copper atom with four oxygen atoms and

one chlorine atom (Fig. 13).

Figure 14. Crystal structure of yaroshevskite in the cation-centered representation (according to
Pekov et al., 2013d) (red — square sections of Cul, Cu3, Cu4, Cu5, Cu6, green polyhedra — CuO4Cl
pyramids of the Cu2 site, blue polyhedra — vanadate tetrahedra (VOa4)*".

The example of yaroshevskite clearly demonstrates the cumbersomeness of the structure
representation in the cation-centered consideration of copper polyhedra. Whereas, in terms of anion-
centered polyhedra, the crystal structure of yaroshevskite is based on oxocentered [OCu4]®*
tetrahedra. [OCu4]®* tetrahedra are linked through common Cu vertices to form [02Cug]®* pyroxene-
like chains (Liebau, 1985). In the space between the oxocentered tetrahedral chains, there are isolated
orthovanadate complexes (VO4)*, copper sites not included in the oxocomplexes, and chlorine atoms
(Fig. 15).

Figure 15. Crystal structure of yaroshevskite, represented by oxocentered [OCus]®* tetrahedra (red -
[02Cus]®* chains of oxocentered [OCu4]®* tetrahedra, blue polyhedra — (VO4)* tetrahedra).
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Aleutite. Aleutite [CusO2](AsO4)(VOa4)-(Cuos005)Cl was found in the «Poisonous» fumarole of
the Second scoria cone of the GTFE of 1975-1976, Kamchatka Peninsula, Russia. Aleutite is very
rare and closely related to anhydrite. Other associated minerals are euchlorine, kamchatkite,
langbeinite, lyonsite, pseudolyonsite, tenorite, hematite (Siidra et al., 2019b). Empirical formula of
aleutite calculated on the basis of (As+V+Mo+Fe®):
(Cuas.94Zn0,05Ca0.01)x5.0002.11[ (AS0.54V0.42M00.02F€0.02)51.00053.93] 2 (CU0.46K0.05PD0.02Rb0.01CS0.01)50.55Cl1
.07.

The crystal structure of aleutite contains four symmetrically independent Cu sites occupied by
Cu?* cations with different coordination environments. The Cul site is coordinated by four O atoms,
forming an almost square-planar CuQgs, square, which is complemented by an apical Cl- anion and
one O2 anion. As a result, an elongated CuO4OCI octahedron is formed. The Cu2, Cu3, and Cu4 sites
are coordinated by five oxygen atoms each, and as a result, regular trigonal bipyramids Cu20s and
strongly distorted tetragonal pyramids Cu30s and Cu4Os. are formed. In addition, the aleutite crystal
structure contains the M site occupied by additional monovalent (K, Rb, Cs) and divalent cations (Pb)
(Fig. 16). Interatomic distances in the crystal structure of aleutite are presented in Table 6.
Table 6. Bond lengths (A) in the crystal structure of aleutite (according to Siidra et al., 2019b).

Cul-01  1.911(8) As1-08 1.69(1)x2
Cul-02  1.930(7) Asl-06 1.69(1)
Cul-03  2.02(1) Asl-04 1.70(2)
Cul-08  2.02(1)

Cul-05  2.55(1) V1-07  1.64(2)
Cul-Cll  2.76(1) V1-05  1.71(1)

V1-03  1.76(1)x2
Cu2-07  1.86(1)

Cu2-02  1.94(1) M1-04  2.32(1)x2
Cu2-08  2.03(1)x2 M1-08  2.50(1)x2
Cu2-06  2.10(2) M1-CIL  2.56(2)x2
Cu3-04  1.92(2) O1-Cul 1.911(8)x2
Cu3-01  1.93(1) 01-Cu3  1.93(1)
Cu3-01  1.93(1) 01-Cu3 1.93(1)

Cu3-03  231(1)x2

02-Cul  1.930(7)x2
Cud-05  1.94(1) 02-Cu2  1.94(1)
Cud-02  1.94(1) 02-Cud  1.94(1)
Cu4-06  1.95(1)
Cud-03  2.18(1)x2

Also in the crystal structure of aleutite there are two T tetrahedral sites coordinated by four O
anions each. The Asl site is predominantly occupied by As® cations, while the V1 site is mainly
occupied by V®°* cations (Fig. 16).
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Figure 16. Coordination environment of the Cul, Cu2, Cu3, Cu4, M1, Asl and V1 sites in the crystal
structure of aleutite (Siidra et al., 2019b).

The crystal structure of aleutite is built on one-dimensional [02Cus]®* ribbons, similar in
formula to averievite layers, but unlike the latter, in aleutite, oxocentered tetrahedra are combined
both with common corners and edges. The aleutite complexes [02Cus]®" represent separated
fragments of the kagome net (Mekata, 2003). (AsOa)* and (VO.)* tetrahedra are attached to
[OCus]®* tetrahedra according to the «face-to-face» principle (Krivovichev et al., 2013), thereby
forming a porous electrically neutral frame {[CusO2](AsO4)(VO4)}°. The channels are occupied by
chloride complexes of M site of metals (Fig. 17). Thus, aleutite can be classified as a new mesoporous
material (Siidra et al., 2019b).



Figure 17. General projection of the crystal structure of aleutite along the c (a) and b (b) axes. The
tetrahedral framework is formed by [OCu4]®* (red tetrahedra), (VO4)* (blue tetrahedra) and (AsOs)*
(orange tetrahedra). The channels (~ 5.81 x 6.81 A) in the framework are filled with various metals
occupying a mixed M1 (purple sites) and chloride anions (green). A fragment of the crystal structure
of aleutite showing a complex arrangement of Cu-centered polyhedra (light blue transparent
polyhedra) and six-membered rings formed by corner-to-edge [OCu4]®* tetrahedra (c) (Siidra et al.,
2019b).

Dokuchaevite. Dokuchaevite CugO2(V0O4)3Cls was also found in the «Poisonous» fumarole of
GTFE, found on crusts of various copper sulfate exhalative minerals kamchatkite KCusOCI(SOa4)2
(Vergasova et al., 1988a) and euchlorine KNaCuzO(SOs)s (Scordari et al. 1989) as individual
prismatic crystals. According to quantitative chemical analysis, the empirical formula of
dokuchaevite, calculated on the basis of 17 anions (140 + 3Cl), has the following form:
(Cu7.72Zno 06F€0.05)=7.83(V2.20AS0.61M00.10S0.06P0.03S10.03)23.03013.96Cl3.04 (Siidra et al., 2019c).

The crystal structure of dokuchaevite contains eight symmetrically independent Cu sites with
different coordination environments. All copper sites, with the exception of Cu5, show mixed ligand
coordination. The Cu3, Cu4, and Cu8 sites are characterized by similar distorted square pyramidal
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[(40)+Cl] coordinations. For the Cuz2 site, a five-fold, but [(20)+(20+CI)] coordination geometry is
observed. Cul and Cu6 sites are marked with CuOsCl> polyhedra with [(30+Cl)+CI] and
[(20)+(O+2Cl)] coordination environments, respectively. The Cu7 site has a rare planar square
[30+CI] mixed-ligand coordination. The Cu5 site has a highly distorted [(30)+20] trigonal
bipyramidal coordination geometry (Table 7, Fig. 18).

Table 7. The bond lengths (A) in the crystal structure of dokuchaevite (according to Siidra et al.,
2019c).

Cul-O1 1.928(11) Cu5-O07 1.906(12) T1-O11 1.635(12)
Cul-06 1.963(12) Cu5-010 1.956(12)  T1-03  1.707(10)
Cul-02 2.003(11) Cu5-01 1972(11) T1-010 1.721(12)
Cul-Cl2 2278(55) Cu5-02 2067(12) T1-012 1.757(12)
Cul-Cll 2767(5)  Cu5-O3 2.085(10)

Cu2-014 1.862(11) Cu6-O012 1.907(10)  T2-07  1.646(11)
Cu2-08 1.868(12) Cu6-09 1.994(11)  T2-02  1.719(12)
Cu2-04 2.068(11) Cu6-013 2.101(12)  T2-06  1.745(10)
Cu2-09 2.247(12) Cu6-Cl2 2.399(5) T2-05  1.765(11)
Cu2-Cl3 2.401(5)  Cu6-Cll 2.466(5)

Cu3-O1 1906(10) Cu7-O14 1.904(10)  T3-08  1.619(12)
Cu3-03 1.940(11) Cu7-013 1.922(11)  T3-04  1.692(11)
Cu3-04 1962(11) Cu7-O012 1.937(12)  T3-013 1.722(12)
Cu3-014 1.977(10) Cu7-CI3 2.364(5) T3-09  1.779(11)
Cu3-Cl1 2.789(4)

Cu4-O1 1.899(11) Cu8-O11 1.875(11)  O1-Cu4 1.898(10)
Cu4-O14 1.946(11) Cu8-O5 1.926(11)  O1-Cu3 1.906(12)
Cu4-010 1.947(12) Cu8-06 1.934(11)  Ol-Cul 1.929(11)
Cu4-09 2.036(11) Cu8-O5 1.960(11) O1-Cu5 1.972(11)
Cud-Cll 2.672(4)  Cu8-Cll 2.837(4)

014-Cu2 1.861(10)
014-Cu7 1.903(10)
014-Cud 1.947(9)
014-Cu3 1.978(11)

Dokuchaevite also contains three symmetrically independent tetrahedral T sites, predominantly
occupied by V®°*. In addition, all T sites contain a significant amount of As®*. However, T-O bond

lengths and angles are in the range commonly seen in vanadate structures (Table 7, Fig. 18).
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Figure 18. Coordination environment of the Cul, Cu2, Cu3, Cu4, Cu5, Cu6, Cu7 and Cu8 sites in
the dokuchaevite crystal structure (a). [O2Cug]®" chains from oxocentered tetrahedra joined by
common corners (b). Cu8-centered dimer units (c) (Siidra et al., 2019c).

In the crystal structure of dokuchaevite, [OCu4]®* tetrahedra are linked along common copper
vertices, forming [02Cus]®* isolated chains. The topology of the [02Cus]®* chain in dokuchaevite is
very similar to the [Si.Os]* silicate chain in pyroxene group minerals (Liebau, 1985), where each
(SiO4)* tetrahedron is replaced by an oxocentered [OCu4]®* tetrahedron. [O2Cus]®" chains in
dokuchaevite are well known in Cu?* oxysalts and can be described as fragments of kagome networks
(Kovrugin et al., 2015; Siidra et al., 2018a). The Cu6 and Cu8 sites, which are not part of the
oxocentered tetrahedra, form dimers that participate together with the [O2Cug]®* chains in the
formation of a three-dimensional framework. Inside the cavities of this framework are (TO4)*" mixed
tetrahedral groups (Fig. 19). Thus, the structural formula of dokuchaevite can be written as
Cu2[Cus02](VO4)3Cl3 (Siidra et al., 2019c).
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Figure 19. General projection of the crystal structure of dokuchaevite along the a (a) axis and along
the b (b) axis (red polyhedra are oxocentered [OCu4]®*, tetrahedra, blue polyhedra are vanadate

tetrahedral groups (VO4)*) (Siidra et al., 2019c).
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Chapter 2. Experimental part and research methodology

2.1  Synthesis methods

This chapter describes the methods used in this work for the synthesis of samples of new
mineral-like compounds (high-temperature methods of solid-phase and chemical vapor transport
reactions), as well as research methods used to achieve the aim and objectives (X-ray diffraction
analysis, qualitative and quantitative chemical analyzes, powder X-ray diffraction, IR-spectroscopy,
Raman spectroscopy, high-temperature X-ray diffraction, thermal analysis (TG and DSC), as well as
magnetic measurements). In addition, this chapter provides the basic principles for calculating the

independent values used in interpreting the results of various analyses.

2.1.1 High-temperature method of chemical vapor transport and solid-phase reactions in

vacuum

The methods of chemical vapor transport reactions (CVT-method) in evacuated quartz
ampoules were chosen as the closest to the natural conditions of mineral formation of exhalative
minerals of the copper oxyvanadate chloride group, as well as optimal in terms of laboratory
equipment (Panella et al., 2017; Heinemann, Schmidt, 2020; Kovrugin et al., 2017; 2019) and solid
phase synthesis (Tretyakov, 1978; Merrifield, 1986; Ben Smida et al., 2020; Aykol et al., 2021).

As a result of this work, a total of 150 syntheses were performed, of which 130 were carried
out in the CuO-V20s-CuCl; system and 20 with the participation of V** in the CuO-VO,-As;0s
system. The CuO (Sigma-Aldrich, 99.995%), V.0s (Sigma-Aldrich, 99.6%) and VO: (Thermo
Scientific, 99%) reagents were preliminarily dried in an oven at 100 °C for 5 hours. The use of pure
reagents CuClz, As2Os required preliminary preparation from other reagents available in the
laboratory of the Department of Crystallography of St. Petersburg State University. Copper(ll)
chloride CuCly, used in all syntheses, was obtained by dehydrating CuCl,-2H20 (Sigma-Aldrich,
99%) crystalline hydrate in a high vacuum (10 mbar) at a temperature of 100 °C (Brauer, 1985). As
a result, blue very hygroscopic crystals of CuCl2-:2H,0 transform into dark brown CuCl; crystals,
which are rapidly watered in air. Arsenic (V) oxide As>Os was obtained by evaporating arsenic acid
H3AsOs (Sigma-Aldrich, 99%) at 300°C (Brauer, 1985). Thus, the mass of white transparent watery
crystals of HzAsO4 after dehydration turns into a white friable hygroscopic As>Os powder.

For each mixture, all final reagents were quickly mixed with each other and ground in an agate
mortar in air for less than 5 minutes. Each individual reaction mixture was loaded into a quartz
ampoule (15 x 0.9 cm), which was then evacuated (10 mbar) and then sealed. Then the sealed
ampoule with the reaction mixture was placed horizontally in a Nabertherm tubular muffle furnace,

where it was heated to 600 °C (synthesis group A) / 650 °C (synthesis group B) for 10 hours, then the
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set temperature was maintained for 6 hours. The temperature gradient between the hot zone and the
crystallization zone (cold) of the quartz ampoule in the furnace is estimated at 50 ° C. Then the quartz
ampoule was slowly cooled to 550 © C for 10 hours, after which it was aged at this temperature.
Finally, the oven was slowly cooled to room temperature for a duration of 90 hours.

Figure 20 shows a triangular diagram of synthetic phases obtained in the CuO-V.0s-CuCl;
system. Two groups of syntheses were performed, differing in the maximum temperature reached by
heating the muffle furnace. Group A corresponds to a set of syntheses performed with a maximum
temperature of 600 °C, while the syntheses of group B reached a maximum temperature estimated at
650 °C. For each group of syntheses, the final phases obtained were recorded, determined as a result
of checking the ready-made ampoules by single crystal X-ray diffraction and powder X-ray analysis.
The diagram shows the difference in the phase composition of synthesis groups A and B, at least at
five points of the system. It is worth noting that the monoclinic polymorphic modification of coparsite
B-CusO2(VO4)CI (P2/n) obtained in the synthesis group A (Tmax = 600 °C) in the synthesis group B
(Tmax = 650 °C) has not been determined. Whereas crystals of the synthetic analog of coparsite a-
Cus02(VO4)CI (Pbcm) were identified in both groups of syntheses A and B. A detailed description
of the synthesis and temperature regime for each new compound obtained is presented in the
Appendices 4.2.1, 4.3.1, 4.4.1, 45.1, 4.6.1. Photos of crystals of the obtained phases are given in
Appendices 4.2.2-4.6.2.

Group A Group B
V O T =600 °C T =650 °C
2

“Aleutite” Cu,0,(VO,),:(KCl),

@ Coparsite polymorph B-Cu,0,(VO,)CI
@ ‘Coparsite” a-Cu,0,(VO,)CI @ ‘Coparsite” a-Cu,0,(VO,)CI
@ ‘Averievite’ Cu,0,(VO,),(CuCl) @ “Averievite” Cu.0,(VO,),-(CuCl)
( “Yaroshevskite” Cu,0,(VO,),Cl, “Yaroshevskite” Cu,0,(VO,),Cl,
@ ‘Stoiberite” Cu,0,(VO,), @ ‘Stoiberite” Cu,0,(VO,),
@ ‘Mcbirneyite” Cu,(VO,), @ ‘Mcbirneyite” Cu,(VO,),
@ “Pseudolyonsite” Cu,(VO,), @ “Pseudolyonsite” Cu,(VO,),
[ “Fingerite” Cu,,0,(VO,), “Fingerite” Cu,,0,(VO,),
[ “Blossite” a-Cu,V,0, “Blossite” a-Cu,V,0,
@ Ziesite" B-Cu,V,0, @ Ziesite” B-Cu,V,0,
[ “Melanothallite” Cu,CI,0 “Melanothallite” Cu,CI,O
@ ‘Tenorite” CuO @ Tenorite” CuO
[ “Shcherbinaite” V,0, “Shcherbinaite” V.0,
® V.o ® Vo
® VO, ® Vo,
@® CuViOiun ® Cu,ViOin
CuV,,0, @® Cuv.0,
@® CuVo, ® Cuvo,
Cu,,,. V.0, Cu,,,, V.0,
@ ‘Belloite” CuOHCI
“Tolbachite” CuCl,
Amorphous phases
CuO CuCl,

Figure 20. The triple system CuO-V20s-CuCl2 with the ratio points of the syntheses performed and
the phases obtained, respectively.

The second CuO-V0O»-As20s system was considered as a potential field for the production of
compounds with the joint participation of Cu?* and V** ions, the interaction of which leads to unique

magnetic properties. The following ratios of the initial reagents were used: 1:1:1, 1:2:1, 1:1:2, 2:1:1,
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3:1:1, 1:1:3, 1:3:1, 2:1:3, 3:2:2, 1:3:2, 1:2:3, 2:3:5, 1:5:3. The 20 syntheses performed in this system
resulted in the production of one new compound — a new copper vanadyl arsenate Cu(VO)2(AsOa4)2,
and many known repeating phases, the number of which did not form a statically complete base,
compared with the above-mentioned CuO-V,0s-CuCl; system. The studied points of the CuO-VO.-
As>0s system will not be presented in the form of a triangle, since for some points there is no
reproducibility factor due to the small number of syntheses delivered in comparison with the CuO-
V20s5-CuCl2 system. Therefore, for the CuO-VO2-As20s system, instead of a detailed triple diagram
with basic definitions, a Table of all the phases obtained is given (Table 8).

Table 8. Compounds obtained during high-temperature syntheses in the CuO-V0O2-As>0s system.

Compound References
Cu(AsO4)2(VO):2 Our data

a-CuyV20; Calvo, Faggiani, 1975
B-Cu.V-07 Mercurio-Lavaud, Frit, 1973
Cus02(V04)2 Shannon, Calvo, 1973c
a-CuzAs,07 Weil et al., 2004
B-Cu2As,07 Weil et al., 2004

V30 Waltersson K.etal., 1974
(H2As04)2(VO) Wang, Lee, 1991

High-temperature method of chemical vapor transport reactions

Chemical vapor transport is the process of mass transfer under the influence of a temperature
gradient involving a volatile substance called a transporting agent (Schefer, 1964; Kaldis, 1977;
Kozlova, 1980; Panella et al., 2017; Heinemann, Schmidt, 2020; Kovrugin et al., 2017; Kovrugin et
al., 2019). Chemical transport is carried out due to the chemical interaction of the transporting agent
with the transported substance, which leads to the formation of gaseous products of a reaction called
a chemical vapor transport reaction (Schmidt et al., 2013). The gaseous reaction products are
transferred from the bookmark zone with temperature Ti to the opposite end of the ampoule with
temperature T>. At temperature T2 a reverse reaction occurs, accompanied by crystallization of the
transported substance and the release of a transporting agent, hence the name of the crystallization
zone (Fig. 21). The transporting agent returns back to the T1 zone, and the cycle is repeated many
times until the transported substance is completely transferred (Panella et al., 2017; Heinemann,
Schmidt, 2020).

crystallization zone
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Figure 21. Schematic representation of chemical transport in a sealed ampoule.
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The transfer of a substance during chemical transport can be directed both from a higher
temperature to a lower one, and vice versa (lvanov-Shits, Murin, 2000). The movement of chemical
transport is determined by the sign of the enthalpy of the reaction. If the reaction proceeds with heat
absorption (ArH>0), then chemical transport proceeds in the direction from a higher temperature to a
lower one. If heat is released during the reaction (ArH<0), then mass transfer occurs in the opposite
direction (Schefer, 1964; Kaldis, 1977; Kozlova, 1980).

Most of the crystal structures of exhalation copper(ll) minerals are characterized by the
presence of complexes [OCu4]®" (Krivovichev, Filatov, 1999; Pekov et al., 2018a; 2018b). This
feature suggested that under natural conditions the mechanism of transport is carried out by volcanic
gases with the participation of oxocentered [OCu4]®* tetrahedra (Vergasova, Filatov, 2012;
Krivovichev et al., 2013). Whereas under laboratory conditions, the transporting agent in the
syntheses performed in this work is copper chloride CuClz, which, when heated to several hundred
degrees, contains volatile complexes CuCl, CusClz, CusCls and Cl (Schmidt et al., 2013; Siidra et
al., 2020). Today, the method of chemical gas transport reactions has become an important and
universal preparative method of solid state chemistry.

High-temperature method of solid-phase reactions

The need to consider the method of solid-phase reactions in addition to the method of chemical
vapor transport reactions is indicated by the excess amount of the reacted substance in the source
zone, which corresponds to a phase composition different from the crystallization zone. Based on a
number of observations noted in the course of experimental syntheses, it is assumed that the
compounds formed in the crystallization zone most accurately reflect the result of chemical vapor
transport reactions, while the final phases in the source zone are the result of solid-phase reactions.

The processes of solid-phase synthesis are based on chemical reactions in which one of the
participating reagents is in the state of a solid. Such reactions are usually classified as heterogeneous
or solid-phase. Solid-state reactions of crystalline substances are characterized by a limited mobility
of atoms or ions and a complex dependence on the reactivity of the reacting solids, the nature and
concentration of defects, the state of the surface and morphology of the reaction zone, the contact
area of the interacting reagents, and a number of other factors. All of the above determines the
complexity of the mechanisms of heterogeneous reactions (Tretyakov, 1978; Merrifield, 1986; Ben
Smida et al., 2020; Aykol et al., 2021).

Solid-phase synthesis is characterized by a lower diffusion rate in solids; this prevents a uniform
distribution of the concentration of components in the system and, as a result, causes the spatial
localization of the ongoing processes. This leads to the fact that the specific rate of the process (or
the diffusion coefficient), as well as the geometric characteristics of the reaction zone, contribute to

the observed kinetics of the processes. Along with this, the formation of a new phase nucleus in a
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solid matrix causes the appearance of elastic stresses in the latter, the energy of which in some cases
must be taken into account when considering the thermodynamics of these transformations
(Tretyakov, 1978).

In a solid-state transformation, as in any other chemical transformation, the condition for
thermodynamic equilibrium is the equality of the chemical potentials of the components in the initial
substances and reaction products. The equality of chemical potentials in solid-phase reactions is
carried out in several ways: 1) redistribution of components in the initial phases with the formation
of solid solutions; 2) the formation of new phases with a different crystal structure (solid-phase
reaction itself). In this case, due to the fact that the amount of each phase does not affect the chemical
potential of the component in the phases of a multiphase system, equilibrium is established only when
the initial phases are completely converted (West, 1988).

Since the mass transfer of a substance is carried out by diffusion, and the degree of defectiveness
of the structure of a solid affects the diffusion mobility of its components, a significant contribution
of defects to the mechanism and kinetics of solid-state reactions is assumed. All of the above leads to
the fact that the reaction rate limits will be determined by both chemical and diffusion kinetics
(Tretyakov, 1978; West, 1988; Merrifield, 1986).

Despite the fact that the method of solid-phase reactions is characterized by specific features,
such as the significant role of methods for obtaining and preparing reagents, the influence of structural
defects, the spatial characteristics of the reaction zone, and various mass transfer mechanisms, this
synthesis method has certain advantages over other methods. These advantages include the ease of
implementation of the method, the implementation of reactions without solvents, the scale of the yield

of the final product, etc.

2.2 Research methods

In this chapter, descriptions of the methods used in the study of materials are presented, the
conditions for performing measurements on the studied samples are given, and the features of sample
preparation for a particular study are noted. For each of the studied new mineral-like compounds,
crystallographic data on the refinement of their crystal structures, as well as calculations of the bond
valence sum are presented in Appendices 3.4, 4.2.3-4.2.8, 4.3.3-4.3.5, 4.4.3-4.4.5, 45.3-4.5.5, 4.6.3-
4.6.5.

2.2.1 Single crystal X-ray diffraction analysis

As one of the main research methods aimed at determining and clarifying the crystal structures
of the compounds under study, single-crystal X-ray diffraction analysis was used in this work. To

implement the presented research method, it is necessary to prepare a sample in the form of a single
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crystal of the studied phase, which is selected under the binocular. The size of the single crystals of
the compounds studied in this work is in the range of 10-100 um. To obtain arrays of experimental
data, single-crystal diffractometers of the RC of St. Petersburg State University «X-ray diffraction
research methods» were used: «Kappa APEX DUO» (Mo Ka radiation at 50 kV and 0.6 mA),
«SMART APEX II» (Mo Ka radiation at 50 KV and 40 mA) manufactured by Bruker, equipped with
reflected X-ray detectors APEX Il type CCD (Charge-Coupled Device), as well as XtaLAB Synergy
(Mo Ka radiation at 50 kV and 1.0 mA) from Rigaku Corporation, equipped with a direct-acting
HyPix-6000HE detector. The XtaLAB Synergy single crystal diffractometer is equipped with a
system for stabilizing the sample temperature with a gas flow «Hot Air Gas Blowers». Both air and
nitrogen, as well as inert gases, can be used as a gas medium. Temperature range from 100 to 1000
°C, accuracy of temperature maintenance +1°C. The maximum rate of temperature change is
10°C/min to 400°C, and 5°C/min in the range from 400°C to 1000°C. This makes it possible to study
the thermal behavior of phases on a particular crystal using single-crystal X-ray diffraction analysis
with increasing temperature. With the help of this high-tech device, the thermal expansion of the new
Cu(VO)2(AsOs)2 copper vanadyl arsenate was studied on a single crystal with parameters
0.1x0.08x0.03 mm. The temperature range of the study ranged from 300 to 825 K in step of 25 K.
The temperature control of the crystal at each experimental point was carried out for 15 minutes in
the temperature range of 300-500 K and for 10 minutes in the range of 500-825 K.

For each data array, more than a hemisphere of three-dimensional diffraction data was collected
with a frame width of 0.50° by ® and an exposure of 10-80 seconds for each frame, depending on the
size of the crystal. Then the experimental data arrays were integrated and adjusted with corrections
for absorption using a model with multiple scans using APEX3 and CrysAlisPro programs. The
crystal structures of the compounds studied in the work were deciphered by direct methods and
refined using the SHELXL program embedded in the WinGX (Sheldrick, 2015) software package.

2.2.2 Analysis of the chemical composition of compounds

To determine the chemical composition of the studied compounds, 2 methods of sample
preparation were used, depending on the tasks assigned to the analysis (qualitative and quantitative
analyses). For qualitative chemical analysis, the crystals of the studied phases were placed on a
double-sided conductive adhesive tape (carbon). Qualitative analysis of the composition of the
studied compounds was performed using a Hitachi TM3000 desktop scanning electron microscope
(accelerating voltage 5 kV, 15 kV) equipped with an OXFORD energy dispersive microanalysis
prefix (RC St. Petersburg State University "Microscopy and Microanalysis™). The microscope is
equipped with a four-segment solid-state detector of backscattered electrons. The operation of this

microscope in low vacuum mode allows you to examine non-conductive samples without preliminary
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spraying (operating modes: normal 1 ~ 15 Pa, low vacuum 30 ~ 50 Pa). Graphical spectra and
analytical data were processed and obtained using the Hitachi embedded software.

For quantitative chemical analysis, crystals of the studied phases were mounted in epoxy resin
in a certain documented order and polished with oil suspension. Quantitative chemical analysis was
performed for samples of volborthite CusV207(OH)2:2H.O and synthetic analogues of aleutite
CusO2(VOa)2-(KCl)os, averievite CusO2(VOas)2:(CuCl) and yaroshevskite CugO2(V0Oa)sClo. To
obtain the data, a Hitachi S-3400N scanning electron microscope with analytical prefixes EDX, WDX
and EBSD was used, equipped with secondary (SE) and backscattered (BSE) electron detectors (RC
St. Petersburg State University "Geomodel™). Carbon deposition was carried out on the Leica EM
SCDO050 installation. Energy dispersion analysis (EDS) was carried out using an Oxford Instruments
X-Max 20 spectrometer (20 kV shooting operating parameters at 2.0 nA, 30 seconds per spectrum).
For wave analysis (WDS), an Inca Wave 500 System spectrometer with wavelength dispersion was
used (operating shooting parameters of 20 kV at 4 nA, 60 seconds for each element). EDS was used
for each analysis, whereas WDS was used only in the case of volborthite with the simultaneous
presence of Cu, Zn and Ni in one sample. Both focused and unfocused beams were used (beam size
from 1 to 10 um). To obtain chemical analysis data, the following standards were used: Cu (CuKa),
V (VKa), NaCl (CIKa), KCI (KKa) for the analysis of synthetic oxyvanadate chlorides of copper, as
well as Zn (ZnKa), Ni (NiKa) to determine the quantitative chemical analysis of volborthite
CuzV207(0OH)2:2H20 from the Tyuya-Muyun deposit. The spectra were processed automatically

using the AzTec Energy (Oxford Instruments) software.

2.2.3 Powder X-ray diffraction

Powder X-ray diffraction patterns of compounds were obtained at room temperature in the
range of 20 from 8 to 80° with a scanning step width of 0.02 ° and a scanning speed of 0.5 seconds/°
using Rigaku «MiniFlex II» diffractometers (Cu Ko and Co Ka) (RC St. Petersburg State University
«X-ray diffraction research methodsy). To refine the structural data by the Rietveld method (Rietveld
et al., 1969), Bruker diffractometers «D2 Phaser» (Cu Ka and Co Ka), Rigaku «Ultima IV» (Co Ka)
(RC SPbSU «X-ray diffraction research methods») were used. For samples with a low content of
material in the form of individual crystals (20-30 single crystals), powder X-ray diffraction was
carried out using a Rigaku R-Axis Rapid Il (CoKa) diffractometer with a cylindrical image plate
detector. The mass of crystals was formed into an epoxy ball with R ~ 0.5 mm, and placed on the tip
of a glass thread. The experimental data obtained were processed using osc2xrd software (Britvin et
al., 2017).

Powder data refinement by the Rietveld method was performed using structural models based
on single-crystal data in the JANA2006 (Petricek et al., 2014) and Rietveld-to-Tensor (RTT)
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programs (Bubnova et al., 2018). The background was selected using the Chebyshev polynomial
function, and the peak shapes were described by the Pseudo-Voight function. The results of the
analysis of the correspondence of structural data with the data of powder X-ray diffraction patterns
of the studied samples obtained by powder X-ray diffraction analysis are presented in Appendices
3.5,4.4.6,45.6,4.6.7.

2.2.4 High-temperature X-ray diffraction

High temperature X-ray diffraction studies of the compounds were carried out using a Rigaku
Ultima IV diffractometer (radiation CoKa, A = 1.7889 A) equipped with a high-temperature prefix
"SHT-1500" (RC SPbSU «X-ray diffraction research methods»). To prepare samples, it is necessary
that the samples of the studied phases are pre-ground in a mortar, and then deposited from a hexane
suspension onto the holder. For the high-temperature prefix "SHT-1500", the material of the holder
is a platinum plate, the peaks of which can be identified in different degrees of intensity in the
obtained high-temperature X-ray diffraction patterns of the studied compounds (Schroeder et al.,
1972). High-temperature X-ray diffraction studies were carried out in the air. For volborthite, in the
range of 30 — 400 °C the temperature step was 10 °C, the heating rate was 2 °C/min, and in the range
of 400 — 780 °C, the temperature step was 20 °C, and the heating rate between temperature points
was 5 °C/min. Reflexes were recorded in the range of angles 20 10 — 75°. For synthetic averievite
Cus02(V0O4)2:(CuCl) and yaroshevskite CugO2(V0Oa)4Cl2 in the range of 25 — 400 °C, the temperature
step was 20 °C, the heating rate was 2 °C/min, and in the range of 400 — 800 °C, the temperature step
was 10 °C, and the heating rate between the temperature points was 4 °C/min. The parameters of the
unit cells were refined for powder diffraction patterns at each temperature by the Rietveld method
(Rietveld et al., 1969) using the Rietveld-to-Tensor (RTT) software (Bubnova et al., 2018). Also,
using RTT, the coefficients of the thermal expansion tensor were calculated, the orientations of the
tensor axes relative to the crystallographic axes were calculated, and the main sections of the tensor

surfaces were constructed.
2.2.5 DTA-TG analysis

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TG) were performed
using a NETZSCH STA 429 CD synchronous thermal analysis device (ISC RAS) when heated in an
open alund crucible in the temperature range from 40 to 815 °C and cooled from 815 to 320 °C with
heating and cooling rates of 10 °C/min, in the air flow 50 ml/min. To perform a complex thermal
analysis, a powder sample of the test sample was pre-prepared in the form of a tablet using a press
unit (pressure 1 kg/mm?). The mass of the phase required to perform this analysis and obtain reliable

results of converting the entire sample volume at high temperatures is ~ 20-30 mg. The parameters
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of the tablet preparations correspond to the following values: diameter ~ 5 mm and height 0.7-0.8
mm. Further, after the final weighing (accuracy + 10 micrograms), the finished tablet was loaded into
the crucible, after which it was installed on the device holder. Gaseous decomposition products were
identified on the quadrupole mass spectrometer QMS 403 C NETZSCH.

2.2.6 Infrared and Raman spectroscopy

Infrared (IR) spectra of polycrystalline samples were recorded using the Bruker ALPHA FTIR
spectrometer (Institute of Problems of Chemical Physics, Chernogolovka), Bruker Vertex 70 FTIR
infrared Fourier spectrometer (RC SPbSU «X-ray diffraction research methods») in the range of wave
numbers 4000 — 400 cm™* with a resolution of 4 cm™ and 32 or 16 scans. The IR spectrum of a similar
sample of pure KBr was used as a reference. To obtain the IR absorption spectrum, samples of the
studied phases, weighing 10-20 mg, were pre-mixed with pure dried granular KBr, then pressed into
a tablet. According to the same principle, a reference tablet containing only a pure face was made.
The obtained vibrational spectra were processed using the built-in Opus software.

The Raman spectra of the studied phases were obtained using a Horiba Jobin-Yvon LabRam
HR800 spectrometer (RC SPbSU «Geomodel») equipped with an Ar* laser (A = 514 nm) with an
output power of 50 mW and a power of ~6 mW on a sample surface area of 2 umx2 pm. Raman
spectra were recorded at room temperature from randomly oriented crystal aggregates placed on a
slide, and then processed using LabSpec (Horiba) and Origin (Originlabcorp) software.

The obtained IR and Raman spectra and the corresponding bands were compared with known
literature data, as well as compound cards from the open RRUFF database on Raman spectroscopy,

X-ray diffraction and chemical data of minerals (rruff.info).

2.2.7 Measurement of magnetic properties

The magnetic susceptibility, magnetization, and specific heat capacity of the studied objects
were measured on a small amount of polycrystalline sample (weighing from 10 to 30 mg) in the
temperature range from 1.8 to 400 K using a superconducting quantum magnetometer SQUID (RC
SPbSU «Diagnostics of functional materials for medicine, pharmacology and nanoelectronics)
manufactured by Quantum Design, as well as MPMS 3 magnetometer from Quantum Design
(Laboratory of the Institute of Experimental Physics of the University of Augsburg). For temperature-
dependent magnetization measurements both zero-field-cooling (ZFC) and field-cooling (FC) signal
recording modes were used. To perform complex analyses, the polycrystalline sample was placed in
an elongated capsule (length ~ 15 mm, width ~ 3 mm) in a dry state without the use of additional
solutions and suspensions. The capsule was then immersed in the device, secured with a holder. The

array of experimental data obtained as a result of the analysis was pre-processed in the Origin software



229
(Originlabcorp) to compile primary graphs of the dependences of magnetic susceptibility on
temperature and magnetization from the field, and then in specialized software experimental models

were compared with structural data.

2.3 Calculations of parameters and characteristics
2.3.1 Calculation of Bond Valence Sum

The local bond valence sum s;j; was calculated from the bond lengths dij using the equation:
sij = exp[(ro - dij)/b] (3)
where s is the bond valence measured in valence units (ve), d is the bond length chosen for calculation,
ro and b are selected constants, which are called bond valence parameters.
To calculate the valence balances of the studied compounds, the parameters ro and b were
selected from the work of Gagné, Hawthorne (2015). In the case of a small population of atomic sites,

the sij values were taken into account by the S.O.F. coefficient.

2.3.2 Distortion parameter of copper coordination polyhedra

The octahedron distortion parameter Aot was calculated according to the following formula
(Wildner, 1992):

6 .
Aoct = 1/62 [dizdm @)
k=1

dm

where di = (Cu-0) bond length, dm = <Cu-O> average bond length. All Cu-O <3 A bonds were taken

into account in the parameter calculations.

2.3.3 DFT (Density functional theory) calculations

The exchange magnetic interactions between Cu?* ions in the crystal structures of the
compounds under study were obtained using band structure calculations in the framework of density
functional theory (DFT) performed in FPLO software (Opahle et al., 2000) with a kind of Perdew-
Burke-Ernzerhof approximation of the exchange-correlation potential (Perdew et al., 1996). The
mapping procedure from the total energies of collinear spin configurations (Xiang et al., 2011) was
used to calculate the parameters Jjj of the spin Hamiltonian:

H = X<ij> [ijSiS; (5)
where summation is carried out by lattice bonds <ij>, and S = ¥ for individual Cu?* ions.

Correlation effects in the Cu 3d shell were processed at the mean field level using the DFT+U
procedure with typical Coulomb repulsion values at Ucy = 9.5 eV and Uy = 5 eV, Hund’s coupling
Jeu = Jv = 1 eV and double-counting correction in the atomic limit (Nath et al., 2013; 2015;
Badrtdinov et al., 2019; Mukharjee et al., 2020; Nekrasova et al., 2020). In addition, the possible spin
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canting was analyzed using non-collinear calculations performed in the VASP software (Kresse,
Furthmiiller, 1996a, 1996b). The configurations of collinear spins have been relaxed to account for

the spin slope.

2.3.4 Quantum Monte-Carlo simulation

The magnetic susceptibility and magnetization for aforementioned spin Hamiltonians were
calculated using the loop and dirloop_sse algorithms of the ALPS modeling package (Albuquerque
et al., 2007; Todo, Kato, 2001) on finite lattices with periodic boundary conditions and up to L =48

or L = 12x12 sites for 1D and 2D magnetic interaction exchange geometries, respectively.
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Chapter 3. Crystal chemical features of volborthite CuzV.07(OH).-2H>0 from
the Tyuya-Muyun deposit

3.1  Refinement of the crystal structure of volborthite

The crystal structure of volborthite CusV207(OH)2:2H20 has been studied over the past 50
years in a number of studies, both on natural (Leonardsen, Petersen, 1974; Basso et al., 1988) and
synthetic samples (Lafontaine et al. 1990; Ishikawa et al., 2012; 2015; Hiroi et al., 2019). The first
information about the symmetry and parameters of the volborthite unit cell was obtained from powder
data (Leonardsen, Petersen, 1974).

The volborthite unit cell was described in monoclinic crystal system (space group C2, Cm or
C2/m) with parameters: a = 10.604(2), b = 5.879(1), c = 7.202(2) A, p=94.81(2)°, V =447.42 A%, Z
= 2. In 1974, Kashaev and Vasiliev reported on space groups C2/c or Cc (Kashaev, Vasiliev, 1974).
Only 14 years later, an Italian group of researchers (Basso et al., 1988) reported the solution of the
volborthite crystal structure on a natural sample in the C2/m space group. Later, according to X-ray
and neutron diffraction data on polycrystalline synthetic analogues of volborthite, a similar structural
model was presented in the C2/m space group (Lafontaine et al. 1990). In a later paper, Kashaev and
co-authors (2008) presented another structural model in space group la with unit cell parameters: a =
10.646(2), b =5.867(1), c = 14.432(2) A, p=95.19(1)°, V = 897.7(5) A3, Z = 4. Note that the origin
of the sample (mineral or synthetic compound) is not indicated in the last work.

Over the past decade, a number of structural studies of volborthite have been performed on
synthetic samples (Ishikawa et al., 2012; Bayat et al., 2018). Synchrotron radiation was used to study
low-temperature structural modifications of volborthite in space groups I12/a (T = 200 K) and P2:/a
(T = 50 K), with unit cell parameters: a = 10.6237(3) A, b = 5.8468(1) A, ¢ = 14.3892(7) A, B =
95.3569(1)°, V = 889.88(6) A3, Z = 4 and a = 10.6489(1), b = 5.8415(1), ¢ = 14.4100(1), B =
95.586(1)°, V = 892.13(6) A3, Z = 4, respectively (Ishikawa et al., 2015; Hiroi et al., 2019). The
structure of synthetic volborthite, which crystallizes in the P2:/a space group, contains two types of
layers per unit cell, in contrast to the 12/a structure, where researchers singled out one type of layer
in the description (Hiroi et al., 2019). A number of works have considered the relationship between
structural modifications of volborthite (Yoshida et al., 2012a; Ishikawa et al., 2015; Hiroi et al., 2019).
It is assumed that the transition from C2/m to 12/a modifications is associated with an order-disorder
transition with the participation of water molecules between the layers. The authors of the work noted
that the ordering and packing of water molecules can be different, which may be the reason for
crystallization in two space groups: C2/m and C2/c. Appendix 3.1 provides a summary of

crystallographic data obtained from natural and synthetic samples.
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The author of this work refined the crystal structure of volborthite CuzV207(OH)2:2H20 from
the Tyuya-Muyun deposit (Fergana Valley, Osh region, Kyrgyzstan). A volborthite single crystal of
lamellar appearance (70 x 70 x 20 um) selected for X-ray diffraction analysis was fixed with epoxy
resin on a thin glass fiber and studied on a Bruker «Kappa APEX DUO» X-ray diffractometer with a
Mo-IuS (A = 0.71073 A) microfocus X-ray tube operating at 50 kV and 0.6 mA. More than a
hemisphere of 3D X-ray data was collected with frame widths of 0.50° in ® and 80 s exposure. The
collected data were integrated and corrected for absorption using a multi-scan model in the Bruker
APEX software package.

The crystal structure was refined in space group C2/m, a = 10.617(3), b = 5.8842(15), ¢ =
7.2042(18) A, Pp=94.559(5)°, V = 448.6(2) A3, Z = 2, R1 = 0.054 for 473 unique reflections with |Fo|
> 40F using the SHELXL program (Sheldrick, 2015). The hydrogen atom H1 in the OH™ group was
placed in an idealized site. Hydrogen atoms H2 and H3 in a water molecule were found from electron
density difference syntheses. The Ow-H2 and Ow-H3 distances at the final stages of the structure
refinement were fixed using the DFIX instruction at values 0.9(1) A. With the exception of the
hydrogens, all atoms have been refined anisotropically. The coordinates of the atoms, the parameters
of their displacements and the amounts of bond valence sum are given in Appendix 3.4. The amounts
of valence forces are calculated using parameters from the work of Gagné, Hawthorne (2015).

The crystal structure of volborthite contains two symmetrically independent copper sites Cul
and Cu2 (Fig. 22). These copper atoms are located in the centers of octahedra distorted due to the
Jahn-Teller effect (Bersuker, 1987; Halcrow, 2013; Tsirelson, 2014). The coordination polyhedron
Cul is a [2+4]-distorted octahedron (Burns, Hawthorne, 1996). The Cul site is coordinated in the
equatorial plane by four O2 oxygen atoms with a bond length of 2.172(6) A, and in the apical plane
by two OH" hydroxyl groups with a bond length of 1.938(6) A. The Cu2 site is also located in the
center of the [2+4]-distorted octahedron. The copper atoms in this site are surrounded by two
hydroxyl groups OH" with a bond length of 1.921(4) A, two oxygen atoms O1 with a bond length of
2.040(5) A and two O2 atoms at a distance of 2.394(6) A (Ginga et al., 2021).
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Figure 22. Coordination environment of cations in the crystal structure of volborthite from the Tyuya-
Muyun deposit (Ginga et al., 2021).

The V1 site is also present in the structure, which is coordinated by four oxygen atoms to form



233
tetranedra (VO4)*. The lengths and angles of the V-O bonds are in the characteristic range usually
observed in vanadate structures (Shannon, Calvo, 1973a). The (VO4)* groups share a common corner
03 to form a diorthovanadate complex (V207)*, elongated along the ¢ axis and connecting layers of
Cu-octahedra. The lengths of Cu-O, V-0, O-H bonds, as well as the characteristics of hydrogen bonds
in the crystal structure of volborthite, are presented in Table 9. The system of hydrogen bonds is
similar to that described earlier in Basso R. et al. (1988).

Table 9. Interatomic distances and characterization of hydrogen bonds (A) in the crystal structure of
volborthite from the Tyuya-Muyun deposit (Ginga et al., 2021).

Cul-Oy 1.938(6)%2 V1-02 1.678(6)x2
Cul- 02 2.172(6)x4 V1-01 1.746(7)
V1-03 1.7717(15)

Cu2-Oy 1.921(4)x2

Cu2-01 2.040(5)x2

Cu2-02 2.394(6)x2

Hydrogen bonds (D = donor, A = acceptor)

D-H d(D-H) d(H---A) <DHA d(D---A) A <HDH
On—-H1 0.9800(2) 1.6839(4) 103.076(6)  2.6459(1) Ow
Ow —H2 0.8995(2) 2.3037(4) 135.731(11) 3.0139(5) 02 131.157(17)
Ow —H3 0.8995(2) 2.5881(7) 158.607(14) 3.4413(10) 03 131.157(17)

Volborthite from the Tyuya-Muyun deposit crystallizes in the C2/m space group (Ginga et al.,
2021). The features of the crystal structure are in good agreement with the previously published data
in Basso et al. (1988). The structure consists of spinel-like layers with diorthovanadate groups
(V207)* embedded between them. Water molecules are located in the cavities of the framework (Fig.
23).

Figure 23. Crystal structure of volborthite from Tyuya-Muyun along the ¢ (a) axis and along the b
(b) axis (Ginga et al., 2021) (red — octahedra CuQs, blue — tetrahedra (VO4)*). Water molecules are
located in the interlayer space.

3.2 Quantitative chemical analysis of volborthite composition

Three volborthite crystals from the Tyuya-Muyun deposit, with planar aggregate sizes of

75%20, 56x12, and 60x13 um, were embedded in epoxy resin and polished using an oil suspension.
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The mineral was studied and analyzed using energy dispersive and wave spectrometry. Determination
of the chemical composition was performed for individual grains of volborthite using a Hitachi S-
3400N scanning electron microscope. Both focused and unfocused beams were used (beam size from
1 to 3 um). The following standards were used for EDS analysis: Cu (Cu), V (V), Zn (Zn), Ni (Ni).

According to the results of scanning electron microscopy, 10 spectra were obtained in total for
different parts of volborthite grains. VVolborthite crystals are characterized by high contents of Cu, V
and O; Ni and Zn were identified as elements with a low content, which was observed in all obtained
spectra. According to the results of quantitative chemical analysis (Table 10), the formula of the
studied volborthite, calculated from 5 cations per formula unit, can be written as follows:
(Cuz.75,ZNn0.19,Ni0.06)x3.0 V1.9907(OH)1.975:2H20 (Ginga et al., 2021).
Table 10. Chemical composition of volborthite from the Tyuya-Muyun deposit (wt.%).

Component Wt. % Range
CuO 46.15 43.14-48.15
Zn0O 3.23 1.54-3.38
NiO 0.92 0.65-1.05
V205 38.22 36.01-38.53
Hzocalc 11.46

Total 99.98

The number of OH™ groups was calculated from the charge balance, and the content of H>O in
volborthite was taken to be two molecules per formula, in accordance with the structural data. A
distinctive feature of volborthite from the Tyuya-Muyun deposit is the isomorphic occurrence of Zn

and Ni in the copper site (Ginga et al., 2021).
3.3 Infrared spectroscopy of volborthite

To obtain an Infrared absorption spectrum, a volborthite sample was preliminarily mixed with
dried granular KBr, compressed into a tablet, and analyzed using a Bruker Vertex 70 FTIR
spectrometer in the wavenumber range 4000 — 400 cm* with a resolution of 4 cm™ and 32 scans. The
IR spectrum of a similar sample of pure KBr was used as a reference.

The obtained IR spectrum of volborthite (Fig. 24) was analyzed in comparison with the
literature data from the work of R. Frost et al. (Frost et al., 2011) (Fig. 24b; Middle Ural, Perm region,
Russia), and with data from N.V. Chukanov (Chukanov, 2014) (Fig. 24c; Uchkuduk deposit,
Kyzylkum, Uzbekistan). Absorption bands in the IR spectrum of volborthite (cm™; s - strong band,

w - weak band, sh - shoulder) and their corresponding values are given in Appendix 3.6.
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Figure 24. Infrared spectra of volborthite from the Tyuya-Muyun deposit, Kyrgyzstan (a), volborthite
from Middle Ural, Permskaya Oblast, Russia (b) (Frost et al., 2011), and volborthite from Uchkuduk
area, Kyzylkum desert, Uzbekistan (c) (Chukanov et al., 2014).

3.4 Thermal expansion of volborthite

The thermal behavior of volborthite has been studied in a number of papers (Kalal et al., 2014;
Wang et al., 2018), however, the nature of the thermal expansion of the structure remained unknown.
Whereas for such a unique functional material with magnetic properties (Hiroi et al., 2001; Bert et
al., 2005; Yoshida, 2009a; 2009b; 2012a; 2012b; 2017; Ishikawa et al., 2012; 2015; Janson et al.,
2016; Inosov, 2018; lkeda et al., 2019; Hiroi et al., 2019), it is important to understand the nature of
thermal expansion under temperature exposure.

Thermal analysis and HTXRD studies were performed for volborthite from the Tyuya-Muyun
deposit. For the temperature range from 30 °C to 780 °C the main values of the thermal expansion
tensor and its orientation relative to the crystallographic axes of volborthite are determined. The
volborthite sample was previously ground in a mortar and deposited from a hexane suspension onto
a Pt plate. The HTXRD study was carried out in the air in the temperature range from 30 °C to 780
°C. In the range of 30 — 400 °C, the temperature step was 10 °C, the heating rate was 2 °C/min. In the
range of 400 — 780 °C, a temperature step of 20 °C was selected, and the heating rate between
temperature points was 5 °C/min. Reflexes were recorded in the range of angles 20 10 — 75°. The unit
cell parameters were refined for powder patterns at each temperature by the Rietveld method
(Rietveld et al., 1967) using Rietveld-to-Tensor (RTT) software (Bubnova et al., 2018). Also, using

RTT, the coefficients of the thermal expansion tensor were calculated, the orientation of the tensor
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axes relative to the crystallographic axes was calculated, and the main sections of the tensor surface
were constructed.

When studying volborthite by high-temperature powder X-ray analysis in the temperature range
from 30 °C to 780 °C the diffraction pattern changes dynamically (Fig. 25). Several temperature
stages (I-VI) were identified, corresponding to various kinds of phase transformations. Peaks of Pt
(holder material) are invariably traced throughout the temperature range (Schroeder et al., 1972).
Volborthite is stable up to 220 °C, then begins the transformation associated with the processes of

dehydration and dehydroxylation, followed by the formation of various copper vanadates.
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Figure 25. Three-dimensional perspective plot showing all diffractograms over 10-75° 26 with
increasing temperature. The high-temperature behavior of volborthite can be divided into 6 stages: |
— initial volborthite; 11 — transformation of volborthite associated with dehydration and
dehydroxylation; 11 — synthetic analogue of ziesite B-Cu2V207 (Mercurio Lavaud, Frit, 1973); IV —
synthetic analogs ziesite B-Cu2V207 (Mercurio Lavaud, Frit, 1973), mchirneyite Cuz(VOa)2 (Hughes
et al., 1987) and pseudolyonsite CuzV20g (Shannon, Calvo, 1973a; Zelenski et al., 2011); V —
synthetic analogue of mchirneyite Cus(VOas)> (Hughes et al., 1987); VI —synthetic analogs of
stoiberite [CusO2](VOa4)2 (Shannon, Calvo, 1973b) and fingerite Cus[CusO]2(VOa)s (Hughes,
Hadidiacos, 1985).

Thus, in the first temperature range (I) of 30 — 220 °C, only volborthite peaks are observed in
the diffraction pattern. Further, in the interval (11) 230 — 300 °C, the process of transformation of
volborthite is observed, caused by dehydration and dehydroxylation. This interval is characterized by
a decrease in the intensity of the volborthite peaks and the further appearance of several peaks of an
unidentifiable phase. In the temperature range (I11) of 310 — 420 °C the diffraction pattern shows
peaks of ziesite p-Cu.V207 (Mercurio Lavaud, Frit, 1973), while there are no peaks of other phases

in this temperature range. From a temperature of 440 °C to 560 °C (stage V), peaks of the



237

pseudolyonsite CusV.Og synthetic phase (Shannon, Calvo, 1973b; Zelenski et al., 2011) and
mcbirneyite Cus(VOs)2 (Hughes et al., 1987a) peaks appear in the diffraction pattern, increasing in
intensity, while the ziesite B-CuV207 peaks degenerate with decreasing intensity. From 570 °C to
760 °C (stage V), the diffraction pattern shows only mcbirneyite Cuz(\VOa). peaks, their intensity
decreases with increasing temperature. Approaching the melting temperature, the diffraction pattern
changes: at a temperature of 760 °C, weaker peaks of mcbhirneyite Cuz(VOs), are observed and intense
peaks of stoiberite CusO2(VOa)2 (Shannon, Calvo, 1973c) and fingerite Cus[Cus0]2(V0.)s (Hughes,
Hadidiacos, 1985) appear. At the end of the HTXRD experiment at 780 °C (stage V1), only peaks of
stoiberite [CusO2](VOa). and fingerite Cus[CusO]2(VO4)s are observed in the diffraction pattern
(Ginga et al., 2021).

For temperatures of 30 — 220 °C, the unit cell parameters of volborthite were refined. Unit cell
parameters a, b, ¢ and volume V change monotonically with increasing temperature (Fig. 26). Thus,
the parameter a slightly decreases, the parameter b sharply increases with increasing temperature, the
parameter ¢ changes the least weakly, increasing slightly. The unit cell volume of volborthite
increases linearly with temperature. The monoclinic angle B gradually decreases with increasing
temperature to 180°C, tending to a value of 90°. With further heating to 220 °C, which is close to the
decomposition of volborthite, the monoclinic angle B increases (Fig. 27). A temperature of around
180 °C is consistent with the onset of weight loss on the thermogravimetry curve (Fig. 28), where the
dehydration process apparently begins. The angular lattice parameters are more sensitive to
temperature than the linear parameters (Bubnova, Filatov, 2008). The change in the nature of the
temperature dependence of the angular parameter B in the volborthite structure is similar to that
described earlier during the dehydration of larderellite NH4[BsO7(OH).]-H20 (Anderson et al., 2005).
Accordingly, the thermal dependence of the angular parameter 3 was approximated by two linear
dependences for the temperature ranges of 30—180°C and 190-220°C using a singular break point,
the temperature of which was determined as 182°C in the RTT program (Bubnova et al., 2018). The
unit cell parameters of volborthite were approximated with increasing temperature (T) according to
the equations:

a(T) = 10.6070(8) - 0.0445(5)-103-T

b(T) = 5.8701(4) + 0.1694(3)-103-T

c(T) = 7.2194(9) + 0.0087(6)- 10T (6)
B(T)30-180 °c = 95.01(1) - 2.53(1)-1073-T

B(T)180-220 °c = 93.65(2) + 4.9(1)-103-T

V(T) = 447.8320(1) + 12.858(1)-103-T

On Figure 26 shows the temperature dependences of the unit cell parameters of volborthite in
the range of 30-220°C.
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Figure 26. Temperature dependences of the unit-cell parameters of volborthite in the range of 30 —
220 °C (Ginga et al., 2021).

Using the coefficients of the equations for the temperature dependence of the lattice parameters,
the principal values of the thermal expansion tensor, the expansion coefficients along the
crystallographic axes, and the orientation of the tensor axes relative to the crystallographic axes
(Appendix 3.7) are calculated in the temperature range 30—220 °C. The main sections and the figure
of thermal expansion coefficients in comparison with the projection of the crystal structure of
volborthite are presented in Figure 27.

In the temperature range of 30—180°C, volborthite expands to the maximum along the b axis;
in monoclinic crystals, this direction coincides with the axis of the a2 tensor. In the monoclinic plane
ac, due to the non-fixed symmetry angle B, the structure expands most sharply anisotropically up to
negative thermal expansion. In this temperature range, in the monoclinic plane ac, expansion is
observed in the direction of the bisector of the obtuse angle B (axis a33), and maximum compression
in the perpendicular direction (axis a11). In this case, the expansion and contraction reach almost equal
values: the minimum negative expansion a1z is —22x107% °C™1, the maximum ass is equal to 22.6x10~
6 oC™1, The region of negative expansion is significant (Fig. 27), the compression along the a axis is
much less than ai1 (aa = —4.2x107° °C1, ac = 1.2x107° °C™1), while the monoclinic angle changes
sharply B ag = —27x107° °C™1. A sharp anisotropy of thermal expansion is a consequence of a change
in angular parameters that are not fixed by symmetry - shifts according to S.K. Filatov (Filatov, 1990;
Filatov, 2008). This is clearly seen in Figure 27: a decrease in the obtuse angle § causes expansion in
the direction of the short diagonal of the parallelogram ac and contraction along the long diagonal -
a negative expansion. The angle 3 tends to 90°, which is due, according to the concept of S.K. Filatov
(Filatov, 2011) an increase in symmetry with increasing temperature; in this case, the structure tends
to become orthorhombic. As a result of shifts, apparently, the CuOs octahedral layers are displaced,

changing the shape of the channels filled with water molecules.
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Near the decomposition temperature of volborthite in the range from 180 °C to 220 °C, the
nature of the thermal expansion of volborthite changes dramatically - a break point appears on the
temperature dependence of the monoclinic angle B. For the range 180 — 220 °C, the minimum and
maximum principal values of the thermal expansion tensor (a33 and a11) are noted along the bisector
of the obtuse monoclinic angle B and the direction perpendicular to it, respectively. In this temperature
range, in the monoclinic plane ac, compression is observed along the bisector of the obtuse angle
(axis a33) and expansion in the perpendicular direction (axis a11). The angle B, which decreased to
180 °C, begins to increase (ap = 52x107° °C ). As a result, a «reverse» shift is observed: as B
increases, in the monoclinic plane the structure expands along the long diagonal and contracts along
the short one (Appendix 3.7). Due to the release of the first portions of water molecules, the channels

collapse - dehydration begins, accompanied by weight loss.

(b)
30-180 °C 180-220 °C

b=a,,

Figure 27. General projections of the crystal structure of volborthite along the ¢ axis and the b axis
(a), and the pole figure of thermal expansion coefficients in temperature ranges 30-180 °C and 180-
220 °C (b) (Ginga et al., 2021).

3.5  Complex thermal analysis (TG +DSC) of volborthite

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TG) for volborthite
were performed using a DSC/TG NETZSCH STA 429 CD synchronous thermal analysis device,
heated in an open alundum crucible in the temperature range from 40 to 815 °C and cooled from 815

to 320 °C with heating and cooling rates of 10 °C/min, in an air flow of 50 ml/min.
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Figure 28 shows the results of TG and DSC studies of volborthite CuzV207(OH)2-2H20. In the
TG study, the TG curve showed sample weight loss of 4.26% and 6.33%, which correspond to three
endothermic peaks on the DSC curve (Ginga et al., 2021). For the first stage (I), which starts at 152
°C to 245 °C, the mass loss corresponds to the loss of one H20O. The second (I1) and third (I11) stages
at 282.5°C and 303°C, respectively, were combined on the TG curve by one mass loss corresponding
to the gradual release of two H.O water molecules from the structure. Simplified reactions
corresponding to endothermic effects with the loss of water molecules are shown in Figure 28.

The DSC curve shows an exothermic effect at a temperature of 460 °C, which is in good
agreement with the data of the HTXRD study of volborthite. At this temperature, in addition to the
peaks of the ziesite analog p-Cu2V207, peaks of copper vanadates appear on the X-ray diffraction
pattern: pseudolyonsite CusV20s, mchirneyite Cuz(VOs).. The DSC curve also shows an endothermic
effect at 787°C, at which incongruent melting of the vanadate mixture occurs. The sample after
cooling has signs of partial melting and contains small amounts of a crystalline component in the
form of blossite a-Cu.V207 (Calvo, Faggiani, 1975). The endothermic effects observed in our study
at 245°C and 303°C are in good agreement with the literature data of TG and DSC studies of the
synthetic analog of volborthite (Wang et al., 2018). The paper reports endothermic peaks at 259 and
304°C, accompanied by a weight loss of about 12%, and an exothermic effect at 396°C (Wang et al.,
2018). Another study, also devoted to the synthetic analogue of volborthite (Kalal et al., 2014),
provides information on the endothermic peak at 238.19°C, for which the weight loss was 12.02%.
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Figure 28. Results of DSC and TG studies of volborthite (green - DSC curve, blue - TG curve, red
TG and DSC curves upon reverse cooling) (Ginga et al., 2021).

3.6 Discussion

The space group for volborthite ¢ from the Tyuya-Muyun deposit is the C2/m group, this does
not exclude the existence of various polymorphic modifications characteristic of different mineral
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formation settings. A distinctive feature of volborthite found in the Tyuya-Muyun mine is the
isomorphic occurrence of Zn and Ni in the copper site (Ginga et al., 2021).

Based on the results of a HTXRD study of volborthite and its decomposition products in the
temperature range from 30 °C to 780 °C, it was found that volborthite is stable in the temperature
range of 30-180 °C and expands sharply anisotropically in this temperature range. For a temperature
range of 30-180 °C, in the monoclinic plane ac along the obtuse angle bisector B, expansion is
observed (axis az3), and compression is observed in the perpendicular direction located along the
acute angle bisector (axis a11). Negative thermal expansion can be due to shear deformations of the
layers relative to each other and a decrease in the angle B tending to 90°. Above a temperature of 182
°C, another process is superimposed on the thermal expansion of volborthite - the process of
dehydration, and when the first portions of water leave the crystal structure, the nature of the thermal
expansion of volborthite changes in such a way that in the monoclinic plane ac along the bisector of
an obtuse angle B, compression (aas3), is observed, and in the perpendicular direction, along the
bisector of an acute angle, an expansion (a11) iS observed. These deformations can be caused by a
change in the interlayer space through the reverse shift of layers associated with the release of water
of crystallization from the structure, and as a result, the «collapse» of the octahedral and tetrahedral
framework (Ginga et al., 2021). The loss of the initial portions of water is accompanied by a decrease
in the expansion of the unit cell volume volborthite. This behavior of low-symmetry monoclinic cells
with increasing temperature is quite common. A description of examples of such thermal expansion
can be found in the review papers by R.S. Bubnova and S.K. Filatov (Filatov, 1990; Bubnova, Filatov,
2008; Bubnova, Filatov, 2013).

It is interesting that, according to the results of high-temperature X-ray diffraction studies and
differential scanning calorimetry, after dehydration, the volborthite sample gradually transforms into
a number of phases of known copper vanadate minerals: stoiberite [Cus02](VOa4)2 (Shannon, Calvo,
1973c), ziesite p-Cu2V207 (Mercurio Lavaud, Frit, 1973), pseudolyonsite CusV20g (Shannon, Calvo,
1973b; Zelenski et al., 2011), mcbirneyite Cus(VOs): (Hughes et al., 1987a), fingerite
Cusz[Cus0]2(VO4)s (Hughes, Hadidiacos, 1985), blossite a-Cu2V207 (Calvo, Faggiani, 1975).

According to our field observations on fumaroles of GTFE scoria cones (Kamchatka
Peninsula), volborthite is a fairly common mineral in hypergene and low-temperature zones of
fumaroles. It can be assumed that the formation of volborthite occurs through the hydration of the
copper vanadates listed above, which are common exhalative minerals in high-temperature scoria

cone fumaroles (Vergasova, Filatov, 1993; Pekov et al., 2020).
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Chapter 4. Crystal chemistry and properties of new copper oxyvanadate

chlorides and vanadyl arsenate of copper

4.1  Results of the exploratory synthesis of new compounds in a system CuO-V20s-CuCl:

One of the key objectives of this work was to obtain synthetic analogues of exhalative minerals
and new compounds in the CuO-V20s5-CuCl> and CuO-VO2-As;0s. Chemical vapor transport
reactions in a closed system at high temperatures was chosen as the main mechanism for creating
synthetic compounds. The reason for choosing high-temperature synthesis by vapor transport
reactions was the desire to create thermodynamic conditions as close as possible to fumarole
mineralogy (Vergasova, Filatov, 1993; 2012).

The formula of the exhalative mineral averievite CusO2(VOa4)2-n(Cu,Cs,Rb,K)Clx (Vergasova
et al., 1998; Krivovichev et al., 2015) was initially used as the basis for calculating the ratios of
reagents represented by CuO copper oxide, V20s pentavalent vanadium oxide and CuCl. copper
chloride, then a series of syntheses were delivered on the stoichiometry yaroshevskite
CugO2(VO4)4Cl2 (Pekov et al., 2012a; 2013d), coparsite CusO2((As,V)04)CI (Starova et al., 1998;
Vergasova et al., 1999), aleutite CusO2(AsO4)(VO4):(Cu,K,Pb,Rb,Cs)Cl (Siidra et al., 2018b; 2019b)
and dokuchaevite CugO2(V0a4)3Cls (Siidra et al., 2018c; 2019c).

As a result of the practical part of this work, a total of 130 syntheses were performed in quartz
tubes for the CuO-V20s-CuClz system. The main achievement of the work done in this system is the
production of synthetic analogues of averievite without additional alkali metal cations
Cus02(VOa4)2-(CuCl) (Kornyakov et al., 2021), yaroshevskite CugO2(V0a4)4Cl; (Siidra et al., 2020),
synthetic analog of aleutite CusO2(VOs)2:(KCl)os, a synthetic vanadium analog of coparsite o-
Cus02(VOs)CI, a new monoclinic polymorphic modification of coparsite B-CusO2(VO.)CI. The
crystallographic parameters of the new compounds are presented in Table 11. Detailed descriptions
of the syntheses and photographs of crystals are given in Appendices 4.2.1-4.6.1 and 4.2.2-4.6.2.

Along the way, exploratory synthesis produced (with a high degree of repeatability) 17 known
synthetic phases, in most cases being the various known copper vanadates and vanadium oxides (Fig.
20): stoiberite CusO2(VOa)2 (Shannon, Calvo, 1973c), mchirneyite Cus(VOa)2 (Hughes et al., 1987a),
pseudolyonsite CusV20g (Shannon, Calvo, 1973b; Zelenski et al., 2011), fingerite Cu1102(VOa4)s
(Hughes, Hadidiacos, 1985), blossite a-Cu2V207 (Calvo, Faggiani, 1975), ziesite B-Cu2V.07
(Mercurio Lavaud, Frit, 1973), melanothallite Cu.Cl2O (Scacchi, 1870), tenorite CuO (Semmola,
1842), shcherbinaite V205 (Borisenko et al., 1970), V307 (Waltersson K.et al., 1974), VeO13
(Wilhelmi et al., 1971), Cus.78VeO1s.78 (Rea, Kostiner, 1973), CuxV12029 (Kato et al., 1989), CuxV20s
(Galy et al., 1970), Cu2.33xV4011 (Rozier et al., 2003), belloite Cu(OH)CI (litaka et al., 1961),
tolbachite CuCl; (Vergasova, Filatov, 1983).
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Table 11. Unit cell parameters of new compounds obtained in the CuO-V205-CuCl, system in the
process of high-temperature synthesis by the method of chemical vapor transport and solid-phase
reactions.

Phase 1 2 3 4 5
Formula a- - Cus02(V0O4)2:(KCI)  Cus02(VOs)2:(Cu  CugO2(V0,)4C
CU402(VO4)C| CU402(VO4)C| 0.5 C|) I,

Space Pbcm P2/n C2/m P-3ml P-1

group

a,Ala,°  5.458(6) 6.274(2) 18.180(3) 6.406(4) 6.472(4)
105.177(1)

b, A/B,° 11.183(1) 5.504(2) 6.1424(10) 6.406(4) 8.343(6)

90.389(3) 91.246(3) 96.215(1)

c,Aly,° 10.375(1) 9.181(3) 8.2421(14) 8.403(5) 9.206(7)
107.642(1)

Vv, A3 633.32(1) 317.07(1) 920.2(3) 298.6(4) 447.6(5)

R1 0.025 0.014 0.024 0.036 0.028

In the process of systematic passage of the points of the CuO-V20s-CuCl; triple diagram, it was
revealed that the resulting synthetic analogs of exhalative minerals of the copper oxyvanadate
chloride group are mainly located in the region of the triangle where copper oxide CuO is the
predominant component.

Further, the crystallochemical features of the obtained new compounds 1-5 will be considered
in detail, comparison data of these compounds will be presented, and the results of studies of their

chemical composition and properties will be analyzed.

4.2  Synthetic analog of coparsite a-CusO2(VO4)ClI and monoclinic polymorphic
modification B-CusO2(VO4)CI

In the process of high-temperature synthesis by the method of chemical vapor transport
reactions at maximum temperatures of 600 °C and 650 °C (synthesis groups A and B, respectively)
in quartz ampoules in the crystallization zone, a-CusO2(VO4)CI crystals (synthesis groups A and B)
were obtained, which is pure vanadium synthetic analogue of the mineral coparsite
Cus02(As054V0.4604)Cl (Starova et al., 1998; Vergasova et al., 1999), as well as crystals of p-
Cus02(VO4)CI, a monoclinic (P2/n) polymorph of coparsite (group of syntheses A). A detailed
description of the experimental syntheses for obtaining a-Cus02(V04)Cl and B-CusO2(VO4)CI (P2/n)
is presented in Appendix 4.2.1. In the following paragraphs, the crystal chemical features of these

new compounds will be considered in detail.

4.2.1 Crystal structure of synthetic coparsite a-CusO2(VO4)CI
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A single crystal of synthetic vanadium analogue of coparsite a-CusO2(VO4)Cl (compound 1)
was studied on a Bruker «Kappa APEX DUO» diffractometer. Over a hemisphere of diffraction data
was collected using MoKa radiation and with frame widths of 0.50° in ® and 50 s exposure. The
crystal structure of the synthetic phase sample under study was refined using the SHELXL program
in the space group Pbcm. Crystallographic data, refinement parameters, coordinates and anisotropic
parameters of atomic displacements are given in Appendices 4.2.3-4.2.5.

The crystal structure of compound 1 contains three symmetrically nonequivalent sites Cul,
Cu2, Cu3 Cul, Cu2, Cu3 (Fig. 29). The coordination environment of copper sites in the crystal
structure of synthetic coparsite is characterized by a wide variety. Thus, the site Cul is located in the
center of a quadrangular section with vertices O1 and O2. The coordination environment of the Cu?2
site is created by two O1 oxygen sites, two O2 sites, and two Cl sites with different Cu—CIl bond
lengths, 2.596(2) A and 2.864(2) A, respectively. The Cu3 site is located in the center of the tetragonal
pyramid; the coordination environment is formed by two O1 sites, two O3 sites, and a Cl site. In the
crystal structure of the pure vanadium synthetic analog of coparsite, the V site is also present, which
is surrounded by two O2 atoms and two O3 atoms to form the tetrahedral complex (VO4)* (Fig. 29).
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Figure 29. Coordination environment of Cu?* and V°* cations in the crystal structure of the structural
vanadium analog coparsite a-CusO2(VO4)CI.

The crystal structure of the vanadium analog of coparsite a-CusO2(VO4)CIl contains
oxocentered tetrahedra [OCu4]®*, the formation of which involves sites Cul, Cu2, Cu3, which
coordinate the oxygen center O1. The oxocentered tetrahedra [O1Cu4]®* share common edges Cu3-
Co3 to form dimers [02Cus]**. The dimers [02Cus]** are interconnected along common edges Cul-

Cu2 to form long one-dimensional chains [02Cus]**, elongated along the ¢ axis (Fig. 30).
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Figure 30. Oxocentered [01Cu4]®* tetrahedron with the indicated O-Cu distances in A in the crystal
structure of the synthetic vanadium analogue of coparsite a-CusO2(VO4)CI (a). Schematic diagram
of the connectivity of [O1Cu4]®* tetrahedra through common edges (b). A one-dimensional (1D)
[02Cus]** chain formed by oxocentered [OCus]®* tetrahedra joined along common edges (c).

Between isolated 1D chains are tetrahedral vanadate complexes (VO4)*, as well as chlorine
atoms (Fig. 31). The cation-anion interatomic distances in the crystal structure of the pure vanadium

synthetic coparsite structural analog are shown in Table 12.

Figure 31. Crystal structure of synthetic compound 1 along the « axis (a) and along the c axis (b) (red
polyhedra are oxocentered [OCu4]®*, tetrahedra, blue polyhedra are vanadate tetrahedra (VO4)*).

Table 12. Interatomic distances in the crystal structure of compound 1 (A).

Cul-05 1.932(3)x2 Cu3-01 1.940(3)
Cul-02 1.959(3)x2 Cu3-03 1.942(3)

Cu3-01 1.960(3)
Cu2-01 1.945(3)x2 Cu3-03 2.409(3)
Cu2-02 1.970(3)x2 Cu3-Cl 2.395(9)
Cu2-Cl 2.596(2)

Cu2-Cl 2.864(2) V-03 1.686(3)x2
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V-02 1.737(3)x2
01-Cul 1.932(1)
01-Cu3 1.940(1)
01-Cu2 1.945(2)
01-Cu3 1.961(1)

4.2.2 Crystal structure of g-CusO2(VOs)CI

A single crystal of a new vanadium monoclinic polymorph of coparsite B-CusO2(VO4)CI
(compound 2) was studied on a Bruker «Kappa APEX DUO» diffractometer. Over a hemisphere of
diffraction data was collected using MoKa radiation with frame widths of 0.50° in @ and 40 s
exposures. The crystal structure of the studied sample of synthetic phase 2 was refined using the
SHELXL program in the space group P2/n. Crystallographic data, refinement parameters, coordinates
and anisotropic parameters of atomic displacements are given in Appendices 4.2.6-4.2.8.

The crystal structure of compound 2 contains three symmetrically unique sites Cul, Cu2, Cu3
(Fig. 32). The coordination environment of the copper sites in the crystal structure of phase 2 is
characterized by a wide variety. Thus, the Cul site is located in the center of a quadrangular section
with vertices O1 and O2. The coordination environment of the Cu2 site is created by two O1 oxygen
sites, two O2 sites, and two Cl sites with different Cu—CI bond lengths, 2.629(7) and 2.875(1),
respectively. The Cu3 site is located at the center of a distorted tetragonal pyramid, so that the
coordination environment is formed by two O1 sites, two O3 sites, and a Cl site. The crystal structure
of compound 2 also contains the V site, which is surrounded by two O2 and two O3 atoms to form
the tetrahedral complex (VO4)*. The bond lengths and angles of this complex are within the range

expected for vanadate structures (Shannon, Calvo, 1973a).
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Figure 32. Coordination environment ofsCIJ(Z:*I, V>°* cations in the crystal structure of compound 2.
The crystal structure of the new synthetic polymorph of coparsite B-CusO2(VO4)Cl (P2/n)
contains [O2Cus]*" dimers from oxocentered [OCu4]®* tetrahedra, which were already observed above
in the crystal structure of the vanadium analogue of coparsite (compound 1). The [O2Cu4]** dimers
are formed by combining the oxocentered [OCu4]®* polyhedra through common Cu3-Cu3 edges, but

the dimers are connected to each other sharing common Cul and Cu2 copper corners. Thus, the
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oxocentered [OCu4]®* tetrahedra in the crystal structure of phase 2 are grouped into ring Six-

membered complexes in a similar way as in the mineral dolerophanite (Effenberger, 1985) (Fig. 33).

In this way, two-dimensional [O,Cus]**, which lie in the ac plane. Table 13 shows the interatomic

distances in the crystal structure of phase 2.
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Figure 33. Oxocentered [O1Cu4]®* tetrahedron with the indicated O-Cu distances in A in the crystal
structure of phase 2 (a). Schematic diagram of the connectivity of [01Cu4]®* tetrahedra through a
common edge and vertices (b). Two-dimensional (2D) [0O2.Cus]** layer formed by oxocentered
[OCu4]®* tetrahedra united with sharing edges and corners (c).
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Table 13. Interatomic distances in the crystal structure of compound 2 (A).

Cul-02
Cul-0O1

Cu2-02
Cu2-01
Cu2-Cl
Cu2-Cl

1.926(1)x2
1.962(1)x2

1.928(1)x2
1.981(1)x2
2.629(7)
2.875(1)

Cu3-01
Cu3-01
Cu3-03
Cu3-03
Cu3-Cl

V-03
V-02

0O1-Cu3
0O1-Cu3
0O1-Cul
0O1-Cu2

1.935(1)
1.942(1)
1.941(1)
2.425(1)
2.383(3)

1.686(1)x2
1.749(1)x2

1.936(2)
1.943(1)
1.962(1)
1.981(1)

The 2D [02Cus]** layers formed by [02Cus]** dimers from oxocentered [OCu4]®* tetrahedra,

together with isolated (VO4)* vanadate groups and chlorine atoms, represent a three-dimensional

framework of the new coparsite polymorph (Fig. 34).
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Figure 34. Crystal structure of compound 2 (P2/n) along the b axis (a) and along the a axis (b) (red
polyhedra are oxocentered [OCu4]®* tetrahedra, blue polyhedra are vanadate tetrahedra (VO4)*).

4.2.3 Qualitative chemical analysis of coparsite a-CusO2(VOs)Cl and p-CusO2(VO4)CI

To determine the qualitative chemical analysis of compounds 1 and 2, the crystals of the studied
phases were fixed on double-sided carbon tape. Qualitative analysis of the composition of the studied
compounds was performed at the RC SPbSU «Microscopy and Microanalysis» using a Hitachi
TM3000 desktop scanning electron microscope equipped with an OXFORD energy-dispersive
microanalysis attachment. Graphical spectra and analytical data were processed and acquired using
Hitachi embedded software. Qualitative chemical analysis of 1 and 2 did not reveal other elements
with an atomic number greater than 11 (Na), except for Cl, V, Cu. The results of spectral analyzes
for 1 and 2 are presented in Appendix 4.2.9.

4.2.4 Raman spectroscopy of a-CusO2(VO4)Cl and g-CusO2(VO4)CI

Raman spectra of 1 and 2 (Fig. 35) were obtained at the RC SPbSU «Geomodel» on a Horiba
Jobin-Yvon LabRam HR800 spectrometer. Comparison of the obtained Raman spectra, and the
distribution of the bands was performed in accordance with the data of the known Raman spectra of
vanadates (Frost et al., 2005; Kawada et al., 2015; Newhouse et al., 2016). Appendix 4.2.10 contains
the distribution of bands for 1 and 2, as well as a comparison with fingerite Cusz[CusO]2(VOa)s
(Hughes, Hadidiacos, 1985) and the synthetic analogue of stoiberite [CusO2](VOa4)2 (Shannon, Calvo,
1973c). The Raman spectra and bands for fingerite were taken from the RRUFF Raman Spectroscopy
Database (RRUFF ID: R070614). For stoiberite, the band values presented in the work of Chukanov
and Vigasina (2020) were used.
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Figure 35. Raman spectra obtained for compounds 1 (a) and 2 (b).

4.3  Synthetic analog of aleutite CusO2(VOa4)2:(KCl)os

In the process of high-temperature synthesis by the method of chemical vapor transport
reactions at a maximum temperature of 600 °C (synthesis group A) in quartz ampoules in the
crystallization zone, crystals of a new synthetic phase CusO2(V0Oa)2-(KCl)os were obtained, which is
an analog of the mineral aleutite CusO2(AsO4)(VO4)-(Cu,K,Pb,Rb,Cs)Cl (Siidra et al., 2018b;
2019b). A detailed description of the experimental syntheses to obtain CusO2(V0Oa4)2:(KCl)os
presented in Appendix 4.3.1. In the following paragraphs, the crystal chemical features of this new

compound will be considered in detail.

4.3.1 Crystal structure of CusO2(VOa)2:(KCl)os

A single crystal of a new synthetic analogue of aleutite CusO2(VOa)2:(KCl)os (compound 3)
was studied on a Rigaku XtaLAB Synergy diffractometer. Over a hemisphere of diffraction data was
collected using MoKa radiation with frame widths of 0.50° in » and a 20 second exposure. The crystal
structure of the studied sample of synthetic phase 3 was refined using the SHELXL program in the
space group C2/m. Crystallographic data, refinement parameters, coordinates and anisotropic

parameters of atomic displacements are given in Appendices 4.3.3-4.3.5.
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The crystal structure of 3 contains symmetrically independent copper sites Cul, Cu2, Cu3, and
a disordered site Cu4 (Cu4A and Cu4B) (Fig. 36). The coordination environment of the copper sites
in 3 is marked by a wide variety. The Cul site is located at the center of the octahedron, whose
vertices are the O1, 02, O3, O5, O6 oxygen sites and the disordered ClI site. The CI1A chlorine site
is characterized by an occupancy (S.0.F.) of 0.19, while the CI1B site is marked by S.O.F. = 0.49.
The coordination environment of the Cu2 site is created by the oxygen sites O1, O4, two O5, and the
O7 site, thus Cu2 is located in the center of the trigonal bipyramid. Whereas the Cu3 site is
coordinated by the O1 oxygen atom, two O3, one O4 and O6. In addition, in contrast to the crystal
structure of the mineral, in the crystal structure of 3, disorder is observed in the Cu4 site, thus, Cu4A
differs from S.O.F. = 0.49 and Cu4B with S.O.F. = 0.25. This disordered Cu4A site is coordinated by
two O2 atoms, two O3, and an O8 oxygen site to form a tetragonal pyramid. Interatomic distances in

the crystal structure of phase 3 are presented in Table 14.

Figure 36. Coordination environment of Cu?*, V®" and K* cations in the crystal structure of
compound 3.

The M site (Siidra et al., 2019b) in the crystal structure of 3 is occupied by K*, whose
coordination environment consists of oxygen and chlorine sites with bond lengths ranging from
2.880-3.533 A. The crystal structure also contains vanadium sites V1 and V2 located in the centers
of tetrahedral vanadate groups (VO4)*. So, V1 is coordinated by two sites O3, site 06 and O7. The
V2 site is surrounded by site O4, two sites O5 and one O8. The bond lengths and angles of these
complexes are within the range expected for vanadate structures (Shannon, Calvo, 1973a).
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Table 14. Interatomic distances in the crystal structure of CusO2(VOa)2:(KCl)os (A).

Cul-02 1.908(2) Cu4A-08 1.892(5)
Cul-01 1.927(2) CU4A-02 1.919(5)
Cul-05 2.010(3) Cu4A-02 1.955(5)
Cul-03 2.032(3) Cu4A-03 2.276(3)x2
Cul-06 2.517(3)
Cul-Cl1B 2.625(4) Cu4B-02 1.926(9)
Cul-CI1A 2.688(9) Cu4B-08 1.954(5)
Cu4B-02 1.957(5)
Cu2-07 1.882(4) Cu4B-03 2.073(8)
Cu2-01 1.913(4) Cu4B-03 2.621(7)
Cu2-04 2.010(4)
Cu2-05 2.108(3)x2 V1-07 1.645(4)
V1-06 1.713(4)
Cu3-01 1.932(4) V1-03 1.766(3)x2
Cu3-06 1.958(4)
Cu3-04 1.979(4) V2-08 1.675(4)
Cu3-03 2.134(3)x2 V2-05 1.731(3)x2
V2-04 1.736(4)
01-Cu2 1.913(4)
01-Cul 1.927(2)x2
01-Cu3 1.932(4)
02-Cul 1.908(2)x2
02-CudA 1.919(5)
02-CudA 1.955(5)
02-Cu4B 1.926(9)x2
02-Cu4B 1.957(5)x2

The crystal structure of 3 contains complexes of [OCu4]®" oxocentered tetrahedra. There are
two types of tetrahedra [01Cu4]®" and [O2Cu4]®". The [01Cu4]®" tetrahedra have two copper sites
Cul, one Cu2, and one Cu3 at their corners. Oxocentered [02Cu4]®* tetrahedra are formed by two
Cul sites and two disordered Cu4 sites (Cu4A and Cu4B). Two [02Cu4]®* tetrahedra are combined
through a common Cu4-Cu4 edge to form the [0.Cua]** dimers, which were previously described for
1 and 2. However, the dimers in compound 3 are linked to each other using the [01Cu4]®* tetrahedron
with corner-sharing. Thus, for the [01Cu4]®* tetrahedron, only the corner type of linkage is observed,
while for [02Cu4]®*, linkages are made through the edge and opposite corners (Fig. 37b). The
oxocentered [O1Cu4]®" and [02Cu4]®* tetrahedra combined in this way form amphibole-like
(Hawthorne, Oberti, 2007) [02Cus]®* ribbons located in the ab plane.
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Figure 37. Oxocentered [01Cu4]®" and [02Cu4]®* tetrahedra with the indicated O-Cu distances in A
in the crystal structure of 3 (a). Schematic diagrams of connectivity of the [O1Cus]®* tetrahedron
through common corners and of the [02Cu4]®* tetrahedron through a common edge and opposite
corners (b). Two-dimensional (2D) [O2Cus]®* ribbon formed by oxocentered [01Cu4]®" and
[02Cu4]®* tetrahedra (c).

Between [02Cus]®* ribbons formed by [02Cus]** dimers from oxocentered [OCua4]®* tetrahedra,
there are isolated vanadate groups (VO4)* and chlorine atoms, thereby forming a three-dimensional

porous framework, in the channels of which potassium atoms are located (Fig. 38).



Figure 38. Crystal structure of 3 along the c¢ (a) axis (a) and along the b axis (b) (red polyhedra are
oxocentered [OCu4]®" tetrahedra, blue polyhedra are vanadate tetrahedra (VOs)*, gray balls are K
atoms, green ones are Cl atoms ).

4.3.2 Energy dispersive X-ray Spectrometry (EDS) of CusO2(VOa4)2:(KCl)o:s

In addition to the qualitative chemical analysis of 3, carried out at the RC SPbSU «Microscopy
and Microanalysis» using a desktop scanning electron microscope Hitachi TM3000 and the results of
which are given in Appendix 4.3.6, a quantitative energy dispersive spectral analysis was also
performed for the phase under study. For example, five crystals of the synthetic analogue of aleutite
Cus02(VO4)2-(KCl)os were analyzed using a Hitachi S-3400N scanning electron microscope at the
RC SPbSU «Geomodel». The following standards were used for EDS analysis: Cu (Cu), V (V), NaCl
(CI), KCI (K).

According to the results of scanning electron microscopy and energy dispersive microprobe
analysis, 15 spectra were obtained in total for different parts of synthetic aleutite crystals. According
to the results of quantitative chemical analysis (Table 15), the formula for 3, calculated from 11 anions

(100+1Cl) per formula unit, can be written as follows: Cu.9402(V1.0204)2-(Ko.61Clo.69).
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Table 15. The chemical composition of the synthetic analog of aleutite (wt.%).

Component Wit. % Range
CuO 62.82 61.23-63.98
V205 29.37 27.64-30.98
K20 4.62 3.95-5.37
Cl 3.93 2.94-4.67
-O=Cl; 0.88

Total 99.86

4.3.3 Raman spectroscopy of CusO2(VOa4)2:(KCl)os

Raman spectra of 3 (Fig. 39) were obtained at the RC SPbSU «Geomodel» on a Horiba Jobin-
Yvon LabRam HR800 spectrometer. Comparison of the obtained Raman spectra, and the distribution
of the bands was performed in accordance with the data of the known Raman spectra of vanadates
(Frost et al., 2005; Kawada et al., 2015; Newhouse et al., 2016). Appendix 4.3.7 contains the
distribution of the CusO2(VOa4)2:(KCl)os Raman spectrum bands and comparison with fingerite
Cus[Cus0]2(VOa)s (Hughes, Hadidiacos, 1985), a synthetic analog of stoiberite [CusO2](VOa)2
(Shannon, Calvo, 1973c). The Raman spectra and bands for fingerite were taken from the RRUFF
Raman Spectroscopy Database (RRUFF ID: R070614). For stoiberite, the band values presented in

the work of Chukanov and Vigasina (2020) were used.
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Figure 39. Raman spectrum for synthetic compound 3.

4.4 Synthetic analogue of averievite without alkali metal cations CusO2(VOa)2:(CuCl)

In the process of high-temperature synthesis by the method of chemical vapor transport
reactions at maximum temperatures of 600 °C and 650 °C (synthesis groups A and B, respectively),
Cus02(V0Oa4)2-(CuCl) crystals were obtained in quartz ampoules, which is a structural analog of the
averievitee CusO2(V0Oa4)2:nMClx (M = Cu, Cs, Rb, K) (Vergasova et al., 1998; Krivovichev et al.,
2015), but without the participation of additional alkali metal cations. A detailed description of the
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experimental syntheses for the production of CusO2(VOa4)2-(CuCl) is presented in Appendix 4.4.1. In
the following paragraphs, the crystal chemical features of this compound will be considered in detail.

4.4.1 Crystal structure of CusO2(VO4)2:(CuCl)

A single crystal of the obtained structural analogue of averievite without additional alkali metal
cations CusO2(VOa4)2-(CuCl) (compound 4) was studied on a Bruker «Kappa APEX DUOw.
diffractometer. Over a hemisphere of diffraction data was collected using MoKa radiation with frame
widths of 0.50° in @ and a 40 s exposure. The crystal structure of the studied sample of the synthetic
phase was refined using the SHELXL program in the space group P-3ml. Crystallographic data,
refinement parameters, coordinates and anisotropic parameters of atomic displacements are given in
Appendices 4.4.3-4.4.5.

The coordination of copper in the crystal structure of 4 differs in sites, Cul, Cu2, Cu3. Thus,
copper Cul is surrounded by two O1 atoms and two O3 atoms in such a way that a square-planar
section is formed, in the center of which the copper atom Cul is placed. Copper in the Cu2 site is
coordinated by five oxygen atoms, namely, one O1, one O2, and three O3, so that a copper-centered
trigonal bipyramid is formed. Cu3 sites are located in the wide channels of the porous framework,
forming chloride complexes. However, disordering is noted for copper in this site, since Cu3A has
an S.O.F. = 0.48, Cu3B is characterized by S.O.F. = 0.08. Vanadium coordination in the crystal
structure of 4 is typical of most vanadate compounds (Shannon, Calvo, 1973a). The vanadium site is
coordinated by four oxygen atoms, namely three O3 and one 02, forming an isolated orthovanadate
tetrahedral complex (Fig. 40). Interatomic distances in the crystal structure of CusO2(VOa)2-(CuCl)

are presented in Table 16.

1.924

1.868

0@
Figure 40. Coordination environment of Cu?* and \V/** cations in the crystal structure of a synthetic
analog of averievite without additional alkali metal cations CusO2(VOa4)2-(CuCl) (Kornyakov et al.,
2021).
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Table 16. Interatomic distances in the crystal structure of 4 (A).

Cul-01 1.887(2)x2 Cu3A-CI2 2.169(7)x2

Cul-03 1.981(6)x2 Cu3B-Cl1 1.872(16)
Cu3B-03 2.210(17)x2

Cu2-02 1.868(11)

Cu2-01 1.924(9) V-02 1.652(10)

Cu2-03 2.095(7)x3 V-03 1.741(7)x3
01-Cul 1.887(2)3
01-Cu2 1.924(9)

The crystal structure of 4 can be considered in the terms of oxocentered tetrahedra due to the
presence of strong short O-Cu bonds, which take the values of 1.887(2) and 1.924(9) A. Oxocentered
tetrahedra in the crystal structure are formed by coordinating O1 oxygen atoms with four copper
atoms, as shown in Figure 41a. Oxocentered [OCu4]®* tetrahedra are connected via common corners.
Thus, two-dimensional (2D) [02Cus]®* layers are formed, which lie in the ab plane. The arrangement
of Cu?" ions in this [02Cus]®" layer is based on the regular symmetrical kagome net. For such
structures, unique magnetic properties are often noted, caused by the formation of geometric
frustration due to exchange magnetic interactions between the copper centers, which leads to the
manifestation of the spin liquid effect (Shores et al., 2005; Zheng et al., 2005; Colman et al., 2011,
Yoshida et al., 2013).

[OCu,”

2D layer

[0.Cu,]”
Figure 41. Oxocentered [O1Cu4]®* tetrahedron with the indicated O-Cu distances in A in the crystal
structure of the synthetic analog of averievite CusO2(VOa)2-(CuCl) (a). Schematic diagram of the
connection of the [01Cu4]®* corner-sharing tetrahedron (b). Two-dimensional (2D) [0O2Cus]®* layer
formed by oxocentered [O1Cu4]®* tetrahedra (c).
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Layers [O2Cus]®" of oxocentered tetrahedra are surrounded by isolated vanadate groups (VO4)*
according to the «face-to-face» principle (Krivovichev, Filatov, 2001). Thus, a three-dimensional
framework is formed. This framework has wide channels that extend along the c axis. In the crystal
structure of the mineral, they contain chloride complexes, namely, two cationic sites of alkali metals
and copper (M1, M) and one anionic (Cl). he key difference between synthetic compound 4 and the
mineral is that Cu* chloride complexes are located in the wide framework channels in the synthesized

compound.

Y‘

Figure 42. Crystal structure of synthetic compound 4 anng the ¢ (a) and along the b axis (b) (red
polyhedra are oxocentered [OCu4]®* tetrahedra, blue polyhedra are vanadate tetrahedra (VO4)*, blue
spheres are Cu3 sites, green are atoms Cl; intrachannel sites of Cu3A and Cu3B are shown in order
for clarity).

4.4.2 Energy dispersive X-ray Spectrometry (EDS) of CusO2(VOa4)2:(CuCl)

Four crystals of 4 were analyzed using a Hitachi S-3400N scanning electron microscope. The
following standards were used for EDS analysis: Cu (Cu), V (V), NaCl (Cl). According to the results
of scanning electron microscopy and energy dispersive microprobe analysis, 20 spectra were obtained
in total for different parts of the crystals. According to the results of quantitative chemical analysis
(Table 17), the formula for phase 4, calculated for 8 cations per formula unit, can be written as
follows: Cus.0102(V0.09804)2-(Cu1.0sCl1.05) (Ginga et al., 2022Db).
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Table 17. The chemical composition of the synthetic analogue of averievite (wt.%).

Component Wt. % Range
Cu20 10.81
CuO 5734 66.21-70.99
V205 26.12 25.13-19.85
Cl 5.36 4.32-6.19
-0O=Cl, 1.21
Total 98.42

4.4.3 Raman spectroscopy of CusO2(VOa4)2:(CuCl)

The Raman spectrum for 4 (Fig. 43a) was obtained at the RC SPbSU «Geomodel» on a Horiba
Jobin-Yvon LabRam HR800 spectrometer. The comparison was made using the known Raman
spectra of vanadates (Frost et al., 2005; Kawada et al., 2015; Newhouse et al., 2016). Appendix 4.4.7
contains the band distribution of compound 4, comparison with fingerite Cuz[Cus0]2(VOa4)s (Hughes,
Hadidiacos, 1985) and the synthetic analogue of stoiberite [Cus02](VOa4)2 (Shannon, Calvo, 1973c),
as well as with compound 5 from this work. The Raman spectra and bands for fingerite were taken
from the RRUFF Raman Spectroscopy Database (RRUFF ID: R070614). For stoiberite, the band
values presented in the work of Chukanov and Vigasina (2020) were used.

“Averievite” Cu,0,(VO,),(CuCl)

@)

“Yaroshevskite”Cu,0,(VO,),Cl,
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Figure 43. Raman spectrum for 4 and 5 (a, b) compared to the Raman spectrum of fingerite
Cu1102(V04)s (RRUFF ID: R070614) (Ginga et al., 2022b).
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4.4.4 High-temperature behavior and tensor of thermal expansion coefficients of
Cus02(VOa4)2:(CuCl)

In the temperature range from 25 °C to 800 °C, the diffraction pattern of 4 indicates a chemical
transformation (Fig. 44). Three temperature intervals were observed which differ from each other in
the phase composition. Peaks of Pt (holder material) are of course observed over the entire
temperature range and can be used as calibration standards (Schroeder et al., 1972). 4 is stable up to
500 °C (D), then the transformation begins, most likely due to evaporation of volatile cuprous chloride.
These changes lead to the formation of a synthetic analog of stoiberite CusO2(VOa4). (Shannon, Calvo,
1973c). In the first temperature range (I) of 25 - 500 °C, only reflections of 4 are observed. Between
500 and 530 °C(II), 4 gradually transforms into “stoiberite” CusO2(VOa)2. Between 480 °C to 530 °C
in the diffraction pattern a peak of an unidentified phase also appears at 20 = 44.94° which may
indicate some side process. Above 540°C (III), only “stoiberite” CusO2(VOa4)2 is observed. This
compound melts at 780°C, as indicated by smearing of diffraction peaks and increasing background.
Inspection of the Pt holder after cooling revealed a black crystalline “crust” corresponding to

Cus02(VO4)2 (Shannon, Calvo, 1973c).

Pt

IIl. “Stoiberite” Cu,0,(VO,),

II. “Stoiberite” Cu,0,(VO,),
*Averievite” Cu,0,(VO,)(CuCl)y a“]

o N
N
1."Averievite" Cu;0,(VO,),(CuCl) ‘\Vi
i
g
S

Figure 44. Three-dimensional perspective plot showing all X-ray diffraction patterns of 4 over 8-95°
26 with increasing temperature. The gray color is associated with the initial “averievite” while red,
with its decomposition product, “stoiberite”. The insets contain photographs of the sample of 4 before
and after analysis (Ginga et al., 2022b).

Thermal evolution of the unit cell parameters of 4 was monitored in the 25 - 500 °C range. Both
cell parameters and volume change relatively smoothly with increasing temperature. The expansion

along a is less pronounced compared to that along c. The unit cell volume of 4 increases linearly with
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temperature. Figure 45 shows the temperature dependences of the unit cell parameters of “averievite”
4 in the range of 25-500°C. The thermal expansion of 4 can be described by a set of equations:

a(T) = 6.39556(3) — 0.0069(2)-103- T+ 0.0652(5)-107- 72
c(T) = 8.35969(4) + 0.0694(1)- 103 T @)
V(T) =295.8634(1) + 4.8679(1)-102-T
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Figure 45. Temperature dependences of the unit cell parameters and volume for 4 in the range of 25
—500 °C.

The pole figure of thermal expansion coefficients and the orientation of the tensor axes relative
to the crystallographic axes were calculated using the coefficients of the equations for the temperature
dependence of the lattice parameters of 4 in the temperature range 25-500°C (Appendix 4.4.8). The
thermal expansion coefficients of 4 change with an increase in the degree of isotropy of thermal
expansion at temperatures of 25 °C — 500 °C. The pole figure of thermal expansion coefficients and
the crystal structure of 4 in comparison with each other are shown in Figure 46.
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Figure 46. General projections of the crystal structure of 4 along the ¢ and b axes ([OCu4]®* tetrahedra
= red, (VO4)* tetrahedra = dark blue, intrachannel Cu and CI = blue and green balls, respectively).
The pole figures of thermal expansion coefficients at 100 °C, 200 °C, 300 °C, 400 °C and 480 °C are
given to the bottom right.

In the temperature range 25-500°C, the maximum expansion 4 appears between the [O2Cus]®*
layers along the ¢ axis, which is expected for a layered structure (az3 tensor axis, Appendix 4.4.8).
The expansion in the ab plane of the hexagonal rings is weaker (a1 and agz, the latter coinciding with
the b axis). CusO2(VOa)2-(CuCl) in the initial temperature range expands anisotropically (at 100 °C:
o011 = azz = 0.96(2)x10° °C™* and azs = 8.30(2)x10°® °C™1). Further, with an increase in temperature,
the thermal expansion coefficients become close in value, the expansion becomes almost isotropic (at
500 °C: a11 = 022 = 8.69(4)x10° °C™? and o33 = 8.27(2)x10® °C™), in connection with which the
figure of thermal expansion coefficients approaches a symmetrical spherical shape (Fig. 46).

The thermal decomposition of 4 can be formally described with a simple equation:

Cus02(VO4)2-(CuCl) - Cus02(VOs)2 + CuCIT (8)

The vapor pressure of CuCl at the decomposition temperature is noticeable yet relatively low (ca.
0.66 mmHg (Yaws, 1995, p. 96)). Another side process is partial hydrolysis and oxidation of CuCl
into CuO which, according to the CuO — V205 phase diagram, does not interact with CusO2(VOa):
(Dabrowska, Filipek 2008 and references therein). At such low temperatures, the crystallinity of just
formed copper oxide might be low; due to as low content, it might have passed unnoticed as there is
essential overlap of the strongest reflections of CuO and medium-to-strong reflections of
Cus02(VOs4)2.
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45  Synthetic analogue of yaroshevskite CusO2(VOa4)4Cl2

In the process of high-temperature synthesis by the method of chemical vapor transport
reactions at maximum temperatures of 600 °C and 650 °C (synthesis groups A and B, respectively),
CugO2(VO4)4Cly, crystals were obtained in quartz ampoules, which is a synthetic analog of the
yaroshevskite CugO2(V0O4)sCl2 (Pekov et al., 2012a; 2013d). A detailed description of the
experiments to obtain a synthetic analogue of yaroshevskite CugO2(V0O4)4Cl> is presented in
Appendix 4.5.1. In the following paragraphs, the crystal chemical features of this compound will be

considered in detail.

45.1 Crystal structure of CusO2(V0O4)4Cl:

A single crystal of the obtained synthetic analogue of yaroshevskite CugO2(VOa4)sCl2
(compound 5) was studied on a Bruker «Kappa APEX DUO» diffractometer. Over a hemisphere of
diffraction data was collected using MoKa radiation with frame widths of 0.50° in ® and a 20 s count
time for each frame. The crystal structure of the studied sample of synthetic phase 5 was refined using
the SHELXL program in space group P-1. Crystallographic data, refinement parameters, coordinates
and anisotropic parameters of atomic displacements are given in Appendices 4.5.3-4.5.5. Interatomic
distances (A) in the crystal structure of compound 5 are presented in Table 18.

Table 18. Bond lengths in the crystal structure of 5 (A) (Siidra et al., 2020).

Cul-08 1.906(3)  Cu5-07 1.922(3)x2
Cul-06 1.910(3)  Cu5-06 1.999(3)x2
Cul-05 1.954(3)  Cu5-Cll 2.938(1)
Cul-07 1.972(3)
Cul-05 2571(1)  Cu6A-09 1.875(3)x2
CU6A-O4 2.048(3)x2
Cu2-01 1.940(3)
Cu2-03 1.967(3)  Cu6B-Cll 2.044(13)
Cu2-02 1.967(3)  Cu6B-09 2.065(14)
Cu2-03 2.047(3)  Cu6B-04 2.142(14)
Cu2-Cl1 2566(2)  Cu6B-09 2.824(1)
Cu3-07 1.915(3)
Cu3-02 1.926(3)  V1-05 1.669(3)
Cu3-09 1.944(3)  V1-04 1.738(3)
Cu3-04 1.992(3)  V1-03 1.748(3)
V1-02 1.765(3)
Cu4-07 1.916(3)x2
Cu4-08 1.993(3)x2  V2-01 1.656(3)
Cu4-Cl1 2.915(1)x2  V2-08 1.717(3)
V2-06 1.730(3)
V2-09 1.757(3)
07-Cu3 1.915(3)
07-Cué 1.916(3)
07-Cu5 1.922(3)

07-Cul 1.972(3)
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The crystal structure of compound 5 contains six unique copper sites Cul, Cu2, Cu3, Cu4, Cub,
Cu6BA, Cu6B (Siidra et al., 2020). Copper atoms Cul, Cu3, Cu5 are involved in the coordination of
the O7 oxygen atom, thus forming oxocentered [OCus]®* tetrahedra. The remaining copper sites do
not participate in the coordination of oxygen atoms, being the centers of copper-centered polyhedra.
The Cul site is located in the center of the [4+1]-tetragonal pyramid, the corners of which are the
oxygen sites 06, O7, O8 and two O5. The Cu2 site is surrounded by four oxygen atoms, namely, one
01, one 02, and two O3 atoms, with Cu-O bond lengths ranging from 1.941 to 2.047 A. In addition,
the Cu2 environment involves the CI1 atom, which is 2.566 A away from Cu2 (Fig. 47), so the
coordination geometry of Cu2 is a [4+1]-distorted tetragonal pyramid. The Cu3 site is characterized
by square-planar coordination by 02, O4, O7, and O9 oxygen atoms. The Cu4 and Cu5 sites are
coordinated by four oxygen atoms and two chlorine atoms to form [4+2] extended Cu404Cl; and
Cu504Cl> octahedra.

It should be noted that the structural R factor of synthetic yaroshevskite is less than that of
mineral. 5 differs from the mineral in disordering at the Cu6 site, which most likely affected the large
R factor of the mineral. It cannot be ruled out that this disordering is a specific feature of synthetic
compound 5. In the crystal structure of 5, the Cu6A site has an S.O.F. occupancy = 0.92, while the
Cu6B site corresponds to the S.O.F. = 0.04. Copper in the Cu6A site is surrounded by two O4 atoms
and two O9 atoms with bond lengths of 1.874 A and 2.048 A, respectively. Thus, Cu6A is located in
the center of a distorted square-planar section. The copper atom in the Cu6B site has a coordination
different from that of the Cu6A site. Thus, one O4 atom, two O9 atoms with bond lengths in the range
of 2.065-2.823 A take part in the environment of the Cu6B atom, the Cl1 site, which is located at a
distance of 2.044 A from the copper center (Fig. 47), completes the coordination of Cu6B.

Vanadium coordination in the crystal structure of phase 5 is characteristic and typical of all
vanadate compounds (Shannon, Calvo, 1973a). Thus, the sites of vanadium V1 and V2 are
coordinated by four oxygen atoms with the formation of isolated orthovanadate tetrahedra (VO4)*.
Bond lengths in vanadate tetrahedra range from 1.655 A -1.765 A (Fig. 47).
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Figure 47. Coordination environments of Cu?* cations in the structure of 5. Cu-O and Cu-CI bonds
>2.5 A are shown by orange dotted lines (Siidra et al., 2020).

Oxocentered [OCu4]®* tetrahedra in the crystal structure of 5 are connected with each other via
common Cu4 and Cu5 corners, thus forming one-dimensional (1D) [O2Cus]®* chains extended along
the a axis (Fig. 48). The [02Cug]®* chains are separated fragments of a regular symmetrical kagome

network implemented in the averievite layers of [02Cus]®* (Fig.51).
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Figure 48. Oxocentered [OCus]®* tetrahedron with indicated O-Cu distances in A in the crystal
structure of 5 (a). Schematic diagram of the connectivity of the [07Cu4]®* corner-sharing tetrahedron
(b). One-dimensional (1D) [02Cug]®* chain formed by oxocentered [O7Cua4]®* tetrahedra (c).

[02Cug]®* chains from oxocentered tetrahedra together with orthovanadate complexes (VO4)*,
additional copper sites not included in oxocomplexes, and chlorine atoms form a three-dimensional
framework (Fig. 49). Thus, the structural formula of compound 5 can be written as
Cu3[Cus02](V04)4Cl2, which reflects the presence and role of oxocentered complexes in the crystal
structure of CusO2(V04)4Cl> (Siidra et al., 2020). In addition, the crystal structure of 5 can be
considered in the cation-centered representation, where the framework is formed by chains of square-
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planar sections with Cu2, Cu3, and Cu6A centers, as well as complex corrugated layers of Cul, Cu4,
and Cu5 polyhedra (Fig. 50).
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Figure 49. General projections of the crystal structure of 5 along the b and a axes. The Cu-Cl bonds
are not shown for clarity. The Cu6 sites are represented as fully ordered ((VOa.)* tetrahedra = blue;
CuOn polyhedra = sky blue; [OCu4]®* tetrahedral units = red) (Siidra et al., 2020).

Figure 50. Copper-oxide framework (a) in 5. The framework can be split into chains (b) formed by
Cu2-, Cu3- and Cu6A-centered squares and complex layers formed by Cu-, Cu4- and Cu5-centered
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squares and distorted tetragonal pyramids. The low-occupied Cu6B sites are not shown for clarity
(Siidra et al., 2020).

Thus, having considered the crystal chemical features of all obtained new compounds 1-5, it is
possible to analyze various pathways of polymerization of oxocentered [OCu4]®* tetrahedra (Fig. 51).
For example, a single tetrahedron [OCu4]®* via a linkage over two copper corners underlies the one-
dimensional 1D chain [O2Cug]®* in the crystal structure of CugO2(VOa4)4Clz, and when bonded over
three copper corners, it forms highly symmetrical two-dimensional layered 2D chains [O2Cus]®*
complexes in CusO2(VOa4)2:(CuCl) corresponding to the kagome order. In the case when two
oxocentered [OCu4]®* tetrahedra are combined via a common edge to form the [O>Cus]** dimer
complexes of various sizes are observed in the crystal structures of a-CusO2(VO4)Cl, B-
Cus02(VO4)Cl, CusO2(VOa)2:(KCl)os. Thus, [OCu4]®* bonded via two common edges form a one-
dimensional 1D chain [02Cus]** in 0-CusO2(VO4)CI. A linkage along one edge and two corners
opposite to it leads to an increase in the dimension to a 2D [02Cua]** layer in the B-CusO2(VO.)ClI
crystal structure. The combination of oxocentered tetrahedra with different linkages mechanisms,
namely, a tetrahedron with a linkage along two copper corners, observed in 5, and a tetrahedron with
a linkage along an edge and opposite corners, described for 2, forms a 2D ribbon [0.Cus]®*, which is
observed in the crystal structure of CusO2(VOa)2:(KCl)os. Thus, the variety of crystal structures of
mineral-like compounds of copper oxyvanadate chlorides is determined by the mechanisms of
polymerization of oxocentered [OCus]®* tetrahedra, which is clearly shown by the example of a-
Cus02(V04)Cl and B-Cus02(V0,4)CI synthetic compounds.

A A ANMN A A

[07Cu,)” [01Cu)”  [01Cu]” [02Cu]” [01Cu,]” [01Cu,J”

::, AvAvAvA

v"‘v‘v

1D chain 1D chain 2D ribbon 2D layer 2D layer
[0,Cu,]” [0,Cu,]” [0,Cu]” [0,Cu]* [0,Cu]”
Cu,0,(VO,).,Cl, a-Cu,0,(VO,)ClI Cu OZ(VO )2 (K(:I)05 B-Cu,0,(VO,)CI Cu,0,(VO,),-(CuCl)

Figure 51. Comparison of complexes of [OCu4]®* oxocentered tetrahedra in compounds 1-5 obtained
in the framework of this work in the CuO-V20s-CuCl> system. The compounds are arranged in order
of increasing dimension of the complexes. The oxocentered complexes of compounds 1, 2 and 3 are
based on [O,Cus]** dimers. In compound 1 they form 1D chains, in compound 2 dimers participate
in the formation of 2D [O.Cus]** layers, and in compound 3 dimers form 2D [O.Cus]®* ribbons. In
the lowest symmetry compound 5, one-dimensional 1D [02Cug]®* chains are observed, which are
exact fragments of 2D [O,Cus]®* layers in compound 4.
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45.2 Energy dispersive X-ray Spectrometry (EDS) of CugO2(VO4)4Cl2

Three crystals of synthetic compound 5 were analyzed using a Hitachi S-3400N scanning
electron microscope. The following standards were used for EDS analysis: Cu (Cu), V (V), NaCl
(CI). According to the results of scanning electron microscopy and energy dispersive microprobe
analysis, 15 spectra were obtained in total for different parts of the crystals. According to the results
of quantitative chemical analysis (Table 19), the formula for compound 5, calculated on the basis of
20 anions (180+2Cl) per formula unit, can be written as follows: Cug.0502(V3.98016)Cl2 (Siidra et al.,
2020).

Table 19. Chemical composition of the synthetic analogue yaroshevskite (wt.%).

Component Wit. % Range
CuO 62.07 60.17-64.76
V205 30.97 28.52-31.99
Cl 6.42 5.16-8.02
-0O=Cl, 1.38
Total 98.08

4.5.3 Infrared and Raman spectroscopy of CusO2(V04)4Cl2

In order to obtain infrared (IR) absorption spectrum (Figure 52), powdered sample of
Cug02(V04)4Cl2 was mixed with dried KBr, pelletized, and analyzed using an Bruker ALPHA FTIR
spectrometer (Institute of Problems of Chemical Physics, Chernogolovka) with a resolution of 4 cm™
1 and 16 scans. The IR spectrum of an analogous pellet of pure KBr was used as a reference.

The IR spectrum of CusO2(VV04)4Cl2 contains two groups of strong bands (in the ranges 450 to
620 and 700 to 960 cm™?) that correspond to Cu—O and V-0 stretching vibrations, respectively. Weak
absorptions below 450 cm™ are due to O-V-O bending vibrations (Chukanov, Chervonnyi, 2016).
Only very weak peaks corresponding to overtones and combination modes are observed above 1000
cm ™,

In the (VO4)* tetrahedra, V-O bonds are substantially covalent and have relatively high force
constants as compared with force characteristics of ionic bonds. For this reason, stretching vibrations
of the (VO4)* groups can be considered nearly independent on other lattice vibrations of the crystal.
IR bands of \V—O stretching vibrations of weakly distorted (VO4)* groups are usually observed in the
range 790 to 900 cm! (Chukanov, Chervonnyi, 2016). In the case of CugO2(VOs4)4Clz, a stronger
splitting is observed in this spectral region which reflects a significant distortion of the (VO4)*
tetrahedra and the absence of degeneration of V-O stretching modes. This compound has 8 degrees
of freedom related to V-O stretching coordinates. Consequently, the number of IR active bands

should be 8. This is in a good agreement with the observed spectrum, where 6 absorption maxima, a
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well-pronounced shoulder at 770 cm™ and a less indistinct inflection point at ~830 cm™ are observed
in the wavenumber range 700 — 960 cm™.

Bands of Cu—O stretching lattice modes cannot be assigned to isolated Cu—O bonds. However,
contribution of different Cu—O bonds to different normal vibrations can be tentatively supposed based
on indirect considerations. In the range 450 to 620 cm™?, five absorption maxima are observed. Three
of them (at 526, 578 and 601 cm™) are close to the absorption bands at 520, 580 and 612 cm™ in the
IR spectrum of a mineral ericlaxmanite CusO(AsQOas)2, in which all copper belongs to oxocentered
tetrahedra. One can suppose that this triplet is a characteristic feature of the [OCu4]®* tetrahedra.
Under this assumption, the other two bands (at 470 and 488 cm™) are to be tentatively assigned to

Cu-O0 stretching vibrations predominantly involving O atoms other than O7 (Siidra et al., 2020).
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Figure 52. Infrared (FTIR) spectrum of CugO2(V0O4)4Cl> (Siidra et al., 2020).

The Raman spectrum for 5 (Fig. 43b) was obtained at the RC SPbSU «Geomodel» on a Horiba
Jobin-Yvon LabRam HR800 spectrometer. The comparison was made using the known Raman
spectra of vanadates (Frost et al., 2005; Kawada et al., 2015; Newhouse et al., 2016). Appendix 4.4.7
contains the band distribution of compound 5, comparison with fingerite Cus[Cus0]2(VOa)s (Hughes,
Hadidiacos, 1985) and the synthetic analogue of stoiberite [Cus02](VOa4)2 (Shannon, Calvo, 1973c),

as well as with compound 4 from this work.
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4.5.4 Magnetic properties of CugO2(V0O4)4Cl2

According to the results of magnetic measurements of CugO2(VOa4)4Cl, performed on the
SQUID magnetometer, 5 shows a paramagnetic behavior with the linear temperature dependence of
the inverse susceptibility above 200 K (Fig. 53). The fit with the Curie-Weiss law y = C/(T—-0) returns
the antiferromagnetic Curie-Weiss temperature 6 = —95 K and Curie constant C = 3.55 emu K/mol
that corresponds to the paramagnetic effective moment of u = 1.78 ug/Cu. This value is comparable
to 1.73 pg expected for an individual spin-%2 Cu®" ion and confirms that above 200 K all Cu?* spins
fluctuate randomly (Siidra et al., 2020).

Below 50 K, the susceptibility becomes field-dependent (Fig. 53). In lower fields, it shows an
abrupt increase that signals the development of an uncompensated magnetic moment and coincides
with the hysteretic behavior of the field-dependent magnetization measured at 2 K (Fig. 54). This
behavior should be contrasted with the linear magnetization curve at 50 K. From the peak in Fisher’s
heat capacity d(yT)/dT we estimate the transition temperature of Tc = 24 K (Fig. 53). The linear
regime of the low-temperature M(H) curve between 4 and 7 T can be extrapolated to zero field
yielding the uncompensated moment of My ~ 1.9 ug/f.u. Only a narrow hysteresis associated with this
uncompensated moment can be seen in the data. The coercive field is 7 mT at 2 K.

The finite value of M, can be caused by a spin canting in an antiferromagnetic state or by several
ferromagnetic sublattices that are antiferromagnetically coupled but carry different magnetic
moments and do not compensate each other. The negative sign of the Curie-Weiss temperature
indicates predominant antiferromagnetic interactions and supports the former scenario. On the other
hand, the uncompensated moment is unusually large for a canted antiferromagnet, where M is
typically a few percent of the saturation magnetization Ms, while in our case M, amounts to 21% of
Ms = 9 ue/f.u. Although the complex crystal structure of CusO2(V0a4)sCl> may support multiple
ferromagnetic sublattices, the M, value is incompatible with the scenario of their incomplete
compensation. If, for example, five out of nine Cu?* ions form one sublattice and the other four Cu?*
ions form another sublattice with the opposite spin direction, the ratio M,/Ms = 1/9 is expected. With
six atoms in one sublattice and three atoms in the other sublattice, one arrives at M{/Ms = 3/9 = 1/3
that is also different from M/Ms ~ 2/9 observed in our case (Siidra et al., 2020).

Therefore, we expect that CusO2(V04)4Cl> develops canted antiferromagnetic order. Spin
canting is not uncommon in Cu?* compounds, including copper minerals, although M//Ms is below
10% in this case (Zhang et al., 2010; Han et al., 2016). The much larger value of M/Ms ~ 0.8 has
been reported for the mineral francisite and its synthetic analogs, CusBi(SeO3)02X (X = Cl, Br)

(Pregelj et al., 2012; Constable et al.,, 2017), but in that case predominant interactions are
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ferromagnetic, and the magnetic structure can be seen as arising from spin canting in the
ferromagnetic state (Rousochatzakis et al., 2015).

With six nonequivalent Cu sites, the CugO2(V0a4)4Cl2 structure contains dozens of possible
exchange pathways, but our microscopic analysis shows that only eight of them give rise to strong
magnetic couplings with absolute values in excess of 50 K (Table 20). The first six couplings (J1—Js)
are non-frustrated and form layers in the ac plane (Fig. 55a). These six couplings would produce
collinear ferrimagnetic order with opposite spin directions on the Cul, Cu2, Cu4, Cu5 sites on one
hand and the Cu3, Cu6 sites on the other. The resulting net magnetization of M,/Ms = 1/3 clearly
exceeds the experimental value of M//Ms ~ 0.21. On the other hand, the remaining two couplings J7
and Jg act as antiferromagnetic second-neighbor exchange between the Cul moments that would be
ferromagnetically aligned when only J1—Je are considered. The competition between nearest-neighbor
ferromagnetic (J1, J3) and second-neighbor antiferromagnetic (J7, Js) exchange can lead to spin
canting (Fig. 55b) (Siidra et al., 2020).

Similar mechanism of spin canting has been established in the kagome mineral francisite,
CuzBi(Se03)202Cl (Rousochatzakis et al., 2015). However, in that case not only isotropic exchange
interactions Ji but also anisotropic interactions of Dzyaloshinskii-Moriya type determine the net
magnetization and should be included in the model. Quantitative estimate of the canting angles in
Cug02(V04)4Cl> thus requires dedicated theoretical work and goes beyond the scope of our present
study. Here, we only mention that even the simplest magnetic model established in our work captures
several qualitative features of the magnetic behavior. First, the competition between nearest-neighbor
ferromagnetic and next-nearest antiferromagnetic couplings prevents collinear ferrimagnetic order
and leads to an “intermediate” value of M{/Ms ~ 2/9 that would not be expected in a ferrimagnet.
Second, only weak exchange couplings below 50 K occur between the ac planes. This may explain
the relatively low Tc = 24 K as compared to the Curie-Weiss temperature 6 = —95 K. Both frustration
and low-dimensionality are thus important ingredients of the CusO2(V04)4Cl, physics (Siidra et al.,
2020).

Together with the recently reported Cus(OH)2Fs (M/Ms ~ 0.24) (Danilovich et al., 2019), our
newly prepared CusO2(V0O4)4Cl reveals the M(/M:s ratio unusually large for an antiferromagnet and
will be an interesting platform for studying the mechanism of strong spin canting in antiferromagnetic

compounds (Siidra et al., 2020).
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Figure 53. Temperature-dependent magnetic susceptibility of CugO2(V0O4)4sCl, measured in the
applied fields of 0.1 T and 5 T. The insets show the Curie-Weiss fit of the 5 T data and Fisher’s heat
capacity d(xT)/dT calculated based on the 0.1 T data (Siidra et al., 2020).
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Figure 54. Field-dependent magnetization of CugO2(V04)4Cl> measured at 2 K and 50 K. The dashed
line is the extrapolation to zero field that yields the uncompensated moment M; ~ 1.9 ug/f.u. The inset
shows the magnified view of the narrow hysteresis observed at 2 K (Siidra et al., 2020).
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Table 20. Magnetic exchange couplings in CugO2(V0a)4Cl2 obtained by the GGA+U mapping
procedure. Only the couplings with absolute values in excess of 50 K are listed.

Cu atoms deu-cu (A) Ji (K)
J1 Cul-Cu4 2.814 -78
Jz Cu3—Cu6 2.821 -90
J3 Cul-Cu5 2.834 -83
Ja Cu2-Cu3 3.230 140
Js Cu3-Cu4 3.315 175
Js Cul-Cus3 3.465 255
J7 Cul-Cul 5.629 65
Js Cul-Cul 5.668 60

Figure 55. Spin lattice of CugO2(VVO4)4Cl> obtained from ab initio calculations. White lines denote
ferromagnetic couplings J1—Js, green lines show nearest-neighbor antiferromagnetic couplings Ja—Je,
whereas solid and dotted black lines stand for the second-neighbor antiferromagnetic couplings J7
and Js. (a) Magnetic layers in the ac plane. Here, J7 and Jg are not shown, and the spin lattice is non-
frustrated, because triangular loops are formed by one ferromagnetic (J1) and two antiferromagnetic
(Ja, Js) couplings. Such a spin lattice is expected to develop collinear ferrimagnetic order with M(/Ms
= 1/3. (b) Magnetic ribbon running along the c¢ direction highlights the competition between Ji, J3
and J7, Js. Note the similarity to CusBi(Se0O3).0.Cl, where every second atom features an
antiferromagnetic second-neighbor coupling (Rousochatzakis et al., 2015; Siidra et al., 2020).

455 High-temperature behavior and tensor of thermal expansion coefficients of
CugO2(VO04)4Cl2

The thermal expansion of 5 and its high-temperature behavior are more complex than 4. The
diffraction pattern of 5 changes more dynamically. Over the entire temperature range from 25 °C to
800 °C, four intervals (I-1V) were identified, which correspond to different phase composition (Fig.
56). The peaks of the Pt (holder material) (Schroeder et al., 1972) are observed throughout all
temperatures of the experiment. In the first temperature interval (I) from 25 °C to 480 °C, only
reflections of 5 are noted. It is worth noting that in the temperature range of 400-480 °C, these
reflections of 5 start to fade and smear while no other reflections are observed. In the second interval
(11, 490 — 550 °C), the peaks of 5 disappear and reflections of CusO2(VOai)2 and Cu1102(VOa)s
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(Hughes, Hadidiacos, 1985) become visible. In the third temperature interval (III, 560 °C to 610 °C),
only these copper oxyvanadates are observed. Finally (IV, from 620 °C to 780 °C), only CusO2(VOa4)2
Is present. Above that, these reflections are also faded due to the full melting which agrees with the
data of Siidra et al. (2020).

IV. “Stoiberite” Cu,0,(VO,),

111 “Stoiberite” Cu,0,(VO,),
“Fingerite” Cu,,0,(VO.),

II. “Stoiberite” Cu,0,(VO,),
“Fingerite” Cu,,0,(VO,),
“Yaroshevskite"Cu,0,(VO,),Cl, 33

|.“Yaroshevskite” Cu,0,(VO,),Cl,

Figure 56. Three-dimensional perspective plot showing all X-ray diffraction patterns of 5 over 12-
80° 20 with increasing temperature. The gray color is associated with the initial “yaroshevskite”, and
the red - its decomposition products «stoiberite» and «fingerite». The inset shows photographs of the
sample of 5 before and after the experiment (Ginga et al., 2022b).

The thermal expansion of 5 was therefore studied in the 25 - 480 °C range. Unlike 4, the unit
cell parameters of 5 expands more rapidly with increasing temperature. The unit cell parameters a
and b increase monotonically, while the parameter ¢ decreases slightly. The angular parameters of
the triclinic cell o and f weakly and monotonically decrease, and y, on the contrary, increases
monotonically. As the temperature rises, the unit cell volume of 5 increases linearly with a low slope.
No kinks were observed over the entire temperature range of. Figure 57 shows the temperature
dependences of the unit cell parameters of 5 in the range of 25-480°C. The unit cell parameters of 5
were approximated by first-order polynomials according to the equations:

a(T) = 6.4510(7) + 0.282(1)-10°3-T

b(T) = 8.2976(2) + 0.167(6)-103-T

o(7) = 9.1568(1) — 0.139(1)-10°3-T

o(T) = 105.1161(4) — 1.012(1)-10°3-T (9)
B(T) = 96.6672(4) — 0.536(1)-103-T

y(T) = 107.6051(3) + 2.181(1)-103-T

V(T) = 442.6141(1) + 10.7226(1)-10°% T
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Figure 57. Temperature dependences of the unit cell parameters and volume of 5 in the range of 25
—480 °C.

Using the coefficients of the above equations for the temperature dependence of the lattice
parameters of 5 in the temperature range 25-480°C (Appendix 4.5.7), the pole figure of the thermal
expansion coefficients and the orientation of the tensor axes relative to the crystallographic axes were
determined. The thermal expansion coefficients of 5 change only weakly with increasing temperature,
so the pole figure remains almost the same over the entire temperature range. The crystal structure of

5 and the pole figure of thermal expansion coefficients are shown in Figure 58.
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Figure 58. General projections of the crystal structure of CusO2(V04)4Cl> along the b and a axes (Cu
= blue, V = dark blue, Cl = green and O = red balls respectively; [OCus]®* complexes = red
tetrahedra). The pole figure of thermal expansion coefficients in temperature ranges 25 — 480°C are
given to the right (Ginga et al., 2022b).

The thermal expansion coefficient figure 5 demonstrates strong contraction in the direction of
the ass axis (<ass> = — 16.3(2)x10° °C™1). The compression direction lies in the same plane as the ¢
axis, which indicates a shift of the parallel chains of [0.Cus]®" oxocentered [OCus]®* tetrahedra in
the direction into positions they would occupy in the layers [02Cus]®". The maximum expansion
occurs along the direction of the tensor axis a11 (<o11> = 48.8(6)x10® °C™*), which is close to the
direction of the « axis. In this case, the expansion occurs within the [O2Cus]®* chains. It can be
assumed that the crystal structure in this o1 direction tends to shift the [O.Cus]®* chains with respect
to each towards a more symmetrical arrangement by shifting also tend to become exact fragments of
[02Cus]® layers. Thermal expansion coefficients 5 remain almost insensitive to temperature;
accordingly, the figure of the coefficients of the thermal expansion tensor remains almost constant
(Fig. 58). Sharp anisotropy and negative thermal expansion are not uncommon among low symmetry
compounds. Similar mechanisms of thermal expansion with significant anisotropy and patterns of
high-temperature behavior of both compounds 5 and 4 can be found in the works of R.S. Bubnova,
S.K. Filatov (Filatov, 1990; Bubnova, Filatov, 2008; Bubnova, Filatov, 2013). A similar thermal
expansion with strong compression in one of the directions, as in the studied CugO2(VO4)4Cl>, was

also described for halide-free copper vanadates a-Cu2V207 (Zhang et al., 2016), B-Cu.V207 (Wang
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et al., 2019) and vanadates of other metals ZrV.0O7 (Sakuntala et al., 2009; Yamamura et al., 2011),
HfV.07 (Yamamura et al., 2011).

The decomposition of 5 proceeds in a more complex way than 4, and produces a biphasic
mixture of Cus02(VOs)2 and Cu1102(VO4)s. Again, two processes are possible, volatilization of
CuClz and its thermal hydrolysis which correspond to two equations:
2-Cug02(V04)4Clz — 2-CuClyT + Cus02(VOs)2 + Cu1102(VOa)s (10)
4.Cug02(V0O4)4Clz + 4-H20 — 8-HCIT + 5-CusO2(VO4)2 + Cu1102(VO4)s (12)

Both equations suggest close mass fractions of decomposition products and none can be
selected based on relative intensities in the PXRD data. Compared to CuCl, CuCl; is more volatile
which correlates with the lower decomposition temperature (ca. 50 mmHg at 400 °C (Yaws, 1995, p.
97)). In the meantime, CuCl: is also more sensitive to hydrolysis. Therefore, we suggest that both
mechanisms (evaporation and hydrolysis of copper halides) may be operative. According to
(Dabrowska, Filipek 2008), Cu1102(VOs)2 melts incongruently at 780 °C with precipitation of
Cus02(VOs4)2 which agrees with our data in terms of phase relationships but not decomposition
temperature. Apart from different heating regimes in our study and those of Dagbrowska and Filipek
(2008) and works cited therein, the transformation might be affected by the presence of residual
chloride in the sample.

The observed negative thermal expansion of 5 is of interest in connection with the promising
application of NTE compounds in the development and production of materials with a controlled
thermal expansion coefficient (CTE) in combination with other optimized properties (Barrera et al.,
2005; Grima et al., 2006; Miller et al., 2009). In recent decades, the search and study of compounds
with negative thermal expansion have achieved great results in the production, mechanism, and
application of NTE materials (Woodcock et al., 2000; Yamamura et al., 2011; Das et al., 2014; Wang
et al., 2019). However, the development of high NTE materials over a wide operating temperature
range is still attractive. Among known NTE materials, metal vanadates represent a promising field
for development due to their large reserves and simple production procedure (Sakuntala et al., 2009;
Zhang et al., 2016; Wang et al., 2019).

4.6  New copper vanadyl-arsenate Cu(VO)2(AsOa4)2

Method by chemical vapor transport reactions in a closed system at high temperatures was
chosen as the main mechanism for creating synthetic compounds in the CuO-VO2-As20s system. The
reason for choosing this method was the desire to create the closest possible thermodynamic
conditions to fumarole mineralogenesis (Vergasova, Filatov, 1993; 2012).

In the CuO-VO,-As,0s system, quartz ampoules were chosen as vessels for the growth of

synthetic compounds, which can withstand high temperatures up to 900 °C. As a result of the practical
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part of this work, a total of 20 syntheses were performed for the CuO-VO2-As,Os system in quartz
tubes. The main achievement of the work done in this system is the preparation of a new copper
vanadyl arsenate Cu(AsQOa4)2(VO)2. Description of the syntheses is given in Appendix 4.6.1. The
following sections are devoted to consideration of the crystal chemical features of the obtained new
compound, comparison with compounds related in stoichiometry, and analysis of the results of studies

of the chemical composition of Cu(AsOa)2(VO). and its physical properties.

4.6.1 Crystal structure of Cu(VO)2(AsOa):2

A relatively large (50x20%20 um) single crystal of Cu(VO)2(AsOa). selected for X-ray
diffraction data collection was mounted on a thin glass fiber and tested on a Bruker «Kappa APEX
DUO» (Mo-1uS). More than a hemisphere of three-dimensional XRD data was collected with frame
widths of 0.5° in w, and a 30 s count time for each frame. The crystal structure of Cu(VO)2(AsOa)2
was further refined in the P21/c space group: a = 8.3815(5) A, b =4.9216(3) A, ¢ =9.0759(5) A, B =
107.992(10)°, V = 356.08(4) A3. Refinement was performed to Ry = 0.024 (WR2 = 0.061) for 1242
reflections with |Fo| > 4¢F by using the SHELXL software (Sheldrick, 2015). All of the atoms were
refined anisotropically. Main crystallographic information is summarized in Appendix 4.6.3. Bond-
valence values and anisotropic displacement parameters for all atoms are given in Appendices 4.6.4
and 4.6.5 respectively. Selected interatomic distances for all atoms in the crystal structure of
Cu(VO)2(AsO4)2 are given in Table 21.

Table 21. Interatomic distances in the crystal structure of Cu(VO)2(AsOa4). (A) (Ginga et al., 2022a).

Cul-O1 2.047(2) V105 1.628(2)
Cul-01 2.047(2) V1-03 1.929(2)
Cul-03 2.6134(19) V1-05 1.987(2)
Cul-03 2.6134(19) V1-01 2.0017(19)
Cul-04 1.886(2) V1-02 2.0350(19)
Cul-04 1.886(2) V1-02 2.148(2)
As1-01 1.728(2)
As1-02 1.7318(19)
As1-03 1.6875(19)
As1-04 1.6428(19)

The crystal structure of Cu(VO)2(AsO4). contains one symmetrically independent Cu site, one
V site, and one As site (Fig. 59). The coordination environment of the Cu site is formed by two O1
and two O4 atoms in the equatorial plane, and two O3 atoms in the apical part, thus forming the CuQOs
octahedra. These CuOs [4+2] octahedra are strongly distorted owing to the Jahn—Teller effect typical
for Cu?* cations in oxysalts (Burns, Hawthorne, 1996).

One symmetrically independent V site is octahedrally [1+4+1] coordinated by six O atoms. The
VOs coordination polyhedron contains one short vanadyl V=0 (V1-O5) bond of 1.63 A, four
equatorial V-0 (V1-03, V1-05, V1-01, V1-02) bonds in the range of 1.93-2.04 A, and one long
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trans V-O2 bond of 2.15 A, which is opposite to the vanadyl bond. The coordination of V** in
Cu(VO)2(As0a): is typical for vanadium oxysalts (Schindler et al., 2000).

The As site is surrounded by four oxygen atoms O1, 02, O3, and O4 with the formation of the
arsenate tetrahedral complex (AsOs)*. The As-O bond lengths and angles fall within the range
typically observed in arsenate structures (Shannon, Calvo, 1973a).
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Figure 59. Coordination environments of Cu?*, V* and As®* cations in the structure of
Cu(VO)2(AsO4)2. The Cu-O bonds >2.5 A and V-O bonds >2.05 A are shown by orange dotted lines,
and the vanadyl V-O5 bond is shown in bold. The CuO4 and VO4 equatorial planes are highlighted
in blue and red, respectively.

Cu(VO)2(As04). adopts a unique structure type. It is characterized by layers (Fig. 60), formed
by edge-sharing and corner-sharing V-centered octahedra. Two VOg octahedra are shared one with
each other via common O2---O2 edge, thus forming V**,010 dimeric units with the V-V distance of
3.24 A. This edge-sharing is provided via two equatorial-trans 14" 1\/4*.Ogq-[**4*1\V/** linkages (v =
vanadyl, eq = equatorial, t = trans) in accordance with classification of Schindler et al. (2000). This
type of linkage was described in phosphovanadylite Ba[V**4P,0s(OH)s]-12H,O (Medrano et al.,
1998). The V*,010 units are condensed into layers via the 1\, Oe-*4 14+ vanadyl-
equatorial linkage never described before in vanadates containing exclusively V** cations. However,
the [1*4+1lv4* ., O-I+4+1\/4* |inkage is known and was previously described in a number of synthetic
compounds** and minerals. To the best of our knowledge, Cu(VO)2(AsOa4). demonstrates the unigue
layered topology never described before in vanadates. Arsenate groups decorate vanadate layers via
corner sharing with the VOg octahedra. In Cu(VO)2(AsOa)2, single CuOe octahedra are connecting

vanadate layers into a framework via edge-sharing as shown in Figure 60b,c.



4
02,5,

R Gy O1
[1ed+1]\ /4 _loeq_ll 4+ 1\/4

Figure 60. Layers formed by the VOs octahedra (a). [1**1\4*-Oeq-1*4+ 14+ and [1+4+1N/4*_\,0pq-
[1+4+1l\/4* (v = vanadyl, eq = equatorial, t = trans) linkages are highlighted. Edge-sharing between the
VOe and CuOe octahedra (b). General projection of the crystal structure of Cu(VO)2(AsOa4)2 along the
b axis (CuOe octahedra = dark blue, VOe octahedra = red, AsOj tetrahedra = green) (c). Pole figure
of thermal expansion coefficients in the temperature range of 300 — 825 K are given to the right.

4.6.2 Qualitative chemical analysis of Cu(VO)2(AsOa)2

A qualitative microprobe analysis of Cu(VO)2(AsOs)2, performed on a TM 3000 HITACHI
electron microscope, did not reveal elements with an atomic number greater than 11 (Na), except for
Cu, V, and As. Figure 61 shows the result of a qualitative chemical analysis of Cu(VO)2(AsQOa4) in

the form of a spectrum.
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Figure 61. Elemental composition of new copper vanadyl arsenate Cu(VO)2(AsO4). according to the
results of qualitative chemical analysis.

4.6.3 Crystal chemical analysis of Cu(VO)2(AsO4)2 and comparison with other members of
family M2*(VO)2(T°*O4)2

Cu(V0)2(AsO4), stoichiometry belongs to the family of compounds M?*(V0)2(TO4)2 (M = Ca,
Co, Ni, Cu, Sr, Cd, Ba, Pb; T =P, As). Appendix 4.6.6 shows the crystallographic data of members
of this family of compounds. Cu(VO)2(AsO4)2 has a rigid framework structure evaluated by its
thermal behavior. The key difference of Cu(VO)2(AsO4)2 from the other related vanadates is the
presence of vanadate layers (Fig. 62a) formed by corner- and edge-sharing VOs octahedra. In
Cu(VO)2(P0Oa)2, the VO octahedra are linked via common corners only (4140 -+4+1\4+) and
form single chains?! (Fig. 62b). Similar chains are observed in a,p-Co(VO)2(P04)221?2 (Fig. 62¢,d),
Ca(V0)2(POa4),?® (Fig. 62€), and B-Sr(VO)2(AsOa)** (Fig. 62f). The latter is characterized by the
[1+4+1\/4* - Oeq-1*4*1IV** linkage. In the crystal structure of a-Sr(VO)2(AsO4)2?® (Fig. 62g), the edge-
sharing VOg octahedra form dimers [V2010] via two 14 1\/4*,Qgq-11+4+1\/4* |inkages similar to those
in the title compound Cu(VO)2(AsOa).. In Ba(VO)2(P04).*® (Fig. 62h), the V1 site has a tetragonal-
pyramidal [1+4] coordination with one vanadyl bond 1.603(2) A and four equatorial bonds in the
range of 1.958(2)-1.981(3) A, whereas the V2 atom has an octahedral coordination with the [1+4+1]
geometry. The VOs and VOs polyhedra form isolated [V2010] dimers via the single [1*4*1\/4*.0y-
[1+41\/4* linkage.
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Figure 62. Vanadyl complexes and V-O-V linkages in the crystal structures of the M 2*(TO4)2(VO)2
(M =Ca, Co, Ni, Cu, Sr, Cd, Ba, Pb; T =P, As) family. See the text for details.

Strong distortion of the CuOs octahedron in the crystal structure of Cu(VO)2(AsOa)2 is
characterized by the value Aoctx10® = 20.44 (Table 22). This value is an order of magnitude higher
than the distortions of the MOs octahedra in the compounds listed in Appendix 4.6.6. Strong Jahn-
Teller effect of the Cu?* cations in Cu(VO)2(AsOa), is probably the trigger for the formation of the
original, hitherto never reported structure type.

Table 22. Distortion of the MOg octahedra in the crystal structures of M?*(TO4)2(VO)..

Compound Aoctx10° Reference
CuOs MOs
Cu(VO)2(AsOa4)2 | 20.44 Our: Ginga et al., 2022a
Cu(V0)2(POa): 5.73 Benser et al., 2008
a-Co(V0)2(POs): 0.10 Benser et al., 2008
B-Co(VO)2(PO4)2 0.05 Kaoua et al., 2009
a-Ni(VO)2(POa)2 0.08 Kaoua et al., 2009
B- Ni(VO)2(PO4)2 1.87 Benser et al., 2008
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4.6.4 Magnetic properties of Cu(VO)2(AsO4)2

Field-dependent magnetization and temperature-dependent magnetic susceptibility were
measured on a stack of randomly oriented Cu(VO)2(AsOs)2 crystals with the total mass of about 0.15
mg. The crystals were attached to the sample holder with the GE varnish. The signal from the varnish
was measured separately and subtracted from the data. The measurements were performed using the
MPMS 3 magnetometer from Quantum Design. Magnetic couplings were obtained by a mapping
procedure (Xiang et al., 2011) from total energies of collinear spin configurations obtained in the
FPLO code using the Perdew-Burker-Ernzerhof approximation for the exchange-correlation potential
(Koepernik, Eschrig, 1999; Perdew et al., 1996). Correlation effects were taken into account on the
mean-field DFT+U level using typical values of the on-site Coulomb repulsion Ucy = 9.5 eV and Uy
= 5 eV, the Hund’s coupling Jcu = Jv = 1 eV, and double-counting correction in the atomic limit
(Kresse, Furthmiiller, 1996a; 1996b). Experimental structural parameters and the k-mesh with 64
points in the first Brillouin zone were used.

Magnetic susceptibility of Cu(VO)2(AsOa)2 shows a paramagnetic-like behavior and reaches a
constant value below 30 K (Fig. 63). The Curie-Weiss fit between 60 K and 200 K returns the
paramagnetic effective moment of 1.54 pg/f.u. and the Curie-Weiss temperature of 18 K. This
effective moment roughly corresponds to one spin-% ion per formula unit (the effective moment of
1.73 us), at odds with 3 spin-Y2 ions per formula unit expected when both Cu?* and V#* are magnetic.
Field-dependent magnetization measured at 2 K shows an abrupt increase followed by a much slower
linear increase above 0.5 T (Fig. 63, insert). Such a behavior is typical for an antiferromagnet with a
weak uncompensated magnetic moment. Indeed, the saturated value is about 0.02 pg/f.u., well below

1 us expected for a spin-2 ion and 3 pg expected for all spin-% ions in the structure.
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Figure 63. Temperature-dependent magnetic susceptibility of Cu(VO)2(AsOas)> measured in the
applied field of 7 T. The dashed line is the Curie-Weiss fit. The inset shows field-dependent
magnetization at 2 K (Ginga et at., 2022a).
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To interpret the magnetization data and to explain the unexpectedly low magnetic
moments observed in the experiment, we calculate exchange couplings using DFT. We find
that magnetism of Cu(VO)2(AsOa)2 is dominated by the antiferromagnetic Cu—V coupling Jcu-v
~ 257 K and the ferromagnetic V-V coupling Jv-v ~ —277 K. Together, these couplings form
ferrimagnetic planes where the V** spins are parallel to each other and antiparallel to those of
Cu?*, resulting in the net moment of 1 ps/f.u. (Fig. 64). In the temperature range of our Curie-
Weiss fit, the ferrimagnetic spin-spin correlations already set in. Therefore, magnetic
susceptibility does not probe individual paramagnetic moments of Cu?* and V#*, and the Curie-
Weiss fit below 200 K returns the value indicative of the net moment of the ferrimagnetic plane,

one spin-% per formula unit.

Figure 64. Crystal structure of Cu(VO)2(AsOs). and the corresponding spin lattice with
ferromagnetic interactions Jv-v and antiferromagnetic interactions Jcu-v that conspire to produce
ferrimagnetic planes. Spins point along the c direction according to the lowest-energy configuration
found in DFT. Weak spin canting is along the b direction and not visible in this projection (Ginga et
at., 2022a).

Below 50-60 K, interactions between the ferrimagnetic planes gradually become more
important. Here, weaker antiferromagnetic V-V couplings are expected to stabilize a fully
compensated magnetic structure, while experimentally we detect a small uncompensated
moment of 0.02 up/f.u. It can be explained by a weak spin canting away from the purely

antiferromagnetic spin configuration. We test this hypothesis by choosing collinear magnetic
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structures with spins directed along either a, b, or ¢, and allowing spin directions to relax until
an energy minimum is reached. With both S|la and S||c, spins tilt and develop a weak
uncompensated moment along the b direction. The lowest-energy configuration is found for
S|lc with the uncompensated moment of 0.03 pg/f.u. in a good agreement with 0.02 pg/f.u.
observed experimentally. The Cu?* and V#* spins tilt by 4.9 and —4.0 deg, respectively, whereas
the spins remain nearly collinear within each sublattice. Therefore, spin canting should be
traced back to anisotropic Dzyaloshinsky-Moriya interactions on the Cu-V bonds, Jcu-v (Ginga
etal., 2022a).

Interestingly, the unusual structural topology of the infinite vanadate layers has no immediate
implications for the magnetism of Cu(VO)2(AsO4)2. Among the nearest-neighbor V-V distances of
3.236 A and 3.500 A, only the latter gives rise to the strong coupling Jv-v (ferromagnetic), while the
former contact results in a weak antiferromagnetic coupling only. This disparity should be traced back
to the position of the vanadyl bonds and, consequently, the V** magnetic orbitals, similar to o-
KVOPO4 where structural chains of the VOs octahedra split into ferromagnetic spin dimers
(Mukharjee et al., 2021). Likewise, in Cu(VO)2(AsOa4)2 the infinite vanadate structural layers split
into ferromagnetic zigzag spin chains that are further coupled via the Cu?* ions.

Our results show the formation of unusual interaction geometries through the mixing of
different spin-1/2 ions in the crystal structure. This mixing results in dissimilar magnetic couplings,
ferromagnetic between the V** ions, yet antiferromagnetic between Cu?* and V*. It can be a
promising strategy for the design of new low-dimensional and quantum magnets.

4.6.5 Thermal expansion of the new copper vanadyl arsenate Cu(VO)2(AsOa4)2

Thermal expansion of Cu(VO)2(AsOa4). was studied by high-temperature single crystal
X-ray diffraction using a Rigaku XtaLAB Synergy-S diffractometer equipped with a PhotonJet-
S detector operating with MoKa radiation at 50 kV and 1 mA. A single dark-blue opaque crystal
of Cu(VO)2(AsOs4)2 with dimensions of 100x80%30 um was chosen and more than a
hemisphere of data collected with a frame width of 0.5° in , and 1.6 s spent counting for each
frame. The data were integrated and corrected for absorption applying a multiscan type model
using the Rigaku Oxford Diffraction programs CrysAlis Pro. High-temperature single crystal
analysis data were carried out on the same crystal in the temperature range from 300 to 825 K
with the step of 25 K using the «Hot Air Gas Blowers» system for stabilizing the sample
temperature with a gas flow. The temperature control of the crystal at each experimental point
was carried out for 15 minutes in the temperature range of 300-500 K and for 10 minutes at
500-825 K.
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The crystal structure of Cu(VO)2(AsOs); at different temperatures was successfully refined with
the use of SHELXL software package (Sheldrick, 2015). In the temperature range from 300 to 800
K, the crystal structure of Cu(VO)2(AsOa4): is refined within the acceptable limits of crystallographic
values (R1 = 2.4 — 5.9%, S ~ 1.00). Above 750 K, the intensity of reflections gradually decreases,
which affects the Rin: values. Thus, for temperatures above 750 K the Rint > 8.7%. In the final
measurements at a temperature of 800 K the Rint = 8.75%, and for 825 K the Rint = 8.88%. Upon
further heating above 825 K, the crystal of Cu(VO)2(AsO4). decomposes, and there are no reflections
in the diffraction pattern.

In the course of the experiment, a crystal in a quartz glass capillary is fixed vertically upward,
and is held from below by a thin quartz tube. As a result of heating, the crystal of Cu(VO)2(AsOa4)2
changes its color from dark-blue at 300 K to maroon at 825 K (Fig. 65). In the temperature range
from 300 to 800 K, the external appearance of the crystal does not change. At 825 K, the surfaces of
Cu(VO)2(As04). faces look loose. At this temperature, a drop of melt flows down a thin quartz tube.
The change in the color of the crystal of Cu(VO)2(AsOs). indicates the oxidation of vanadium into
the V°* state.

300 K 825 K

—

Figure 65. Photographs of the crystal (encircled with the black line) of Cu(VO)2(AsO.): at different
temperatures, obtained with a video camera of a single crystal diffractometer Rigaku XtaLAB
Synergy-S.

Temperature dependence of the linear and angular parameters of the unit-cell of
Cu(VO)2(As0a), are well approximated by linear polynomials:

a(T)=8.36251 + 0.71164-104T
b(T)=4.91799 + 0.31878-10*T
¢(T)=9.06913 + 0.60021-10*- T (12)
B(T)=108.08515 - 3.22417-10*-T
V(T) = 354.37091 + 87.80213-10*-T
The calculated thermal expansion coefficients and the orientation of the thermal expansion

tensor relative to the crystallographic axes for Cu(VO)2(AsOa). are given in Appendix 4.6.8. The
thermal expansion of Cu(VO)2(AsOa4) is anisotropic (Fig. 60) [aa =8.49(1), ap =6.47(2), ac = 6.61(2),
av = 23.43(5) x 108 K1]. The crystal structure of Cu(VO)2(AsO4), expands mostly along the bisector
of the angle g (axis a11). The observed anisotropy of thermal expansion of Cu(VO)2(AsO4). is a
consequence of changes in the angular parameters that are not fixed by the symmetry — shears. The

angle f tends to a value of 90° in accordance with the concept of Filatov (2011).



8.420 o®

a, A ....
8.410 °®

*® B
8400 ..... 108005 @ ®g
8.390 ...0 ...0..
® ®
107.90 ®
......
4.946
e
e0® [ 1
ok b, A ® 107.80
ee®0®
4.938 ...
4,934 ® 361.5 ®e
... v, A’ Qg
4.930 .. 360.5 o®
{ 1 J ®
4.926 359.5 .0..
(122 ]
358.5 ...

9.120 357.5 ®

¢ A o0 (02X

.. L 1 L 1 1
9.110 .. 300 400 500 600 700 800
... Temperature, K
9.100 00a®®
Y b

00005 0900°
:

) L 1 L
300 400 500 600 700 800
Temperature, K

Figure 66. Temperature dependences of the unit-cell parameters of Cu(V0O)2(AsOa4): in the range of
300 — 825 K.

The crystal structure of Cu(VO)2(AsO4). contains rigid arsenate tetrahedral groups AsO4, where
bond lengths and angles change only slightly with the temperature increase. The maximum thermal
expansion (a1 = 11.61(6)x10° K) is consistent with the direction of the Cul and V1 cationic
repulsion (Fig. 60b). As a result, the interatomic distances Cul-O1 (A =0.041), Cul-O3 (A =0.024),
Cul-V1 (A = 0.024), and V1-O3 (A = 0.035) increase most prominently. In addition, along a2
(6.45(1)x 10 K1) there is an increase in the bond-length value of V1-02; (A = 0.020) in the [1*4*1\/4*-
{Oeq-1*#*1\V** linkage. Thus, with increasing temperature the [1+4+1] coordination of vanadium tends
to the coordination geometry of [1+4]. The change in the bond lengths in the crystal structure of
Cu(VO)2(As0a4) is shown in Appendex 4.6.9. The coordination environments of cations at different

temperatures are shown in Appendix 4.6.10.

4.7 Discussion

Crystal structures of a-CusO2(VO4)Cl (1), B-CusO2(VO4)CI (2), CusO2(VOa)2:(KCl)os (3),
Cus02(V0O4)2:(CuCl) (4) and CugO2(V0O4)4Cl: (5) are based on complexes of oxocentered tetrahedra
with various combinations of types of linkages (corner, edge). The most highly symmetrical structure
4 corresponds only to the corner type of linkage (via 3 corners) of [OCus]®* tetrahedra and
demonstrates 2D [02Cus]®* layers, in which the kagome ordering associated with the appearance of
frustrated magnetism is realized (Shores et al., 2005; Kohno et al., 2007; Balents, 2010; Starykh et
al., 2010; Lacroix et al., 2011; Gnezdilov et al., 2012).

Thus, the role of the type of linkages of the [OCu4]®* oxocentered tetrahedra is most clearly
manifested in the a- and B-CusO2(VO4)CI pair. Here, for 1, an exclusively edge type of linkages is
established, which leads to the formation of 1D [02Cu4]** chains, in which [02Cus]** dimers can be
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distinguished as a structural unit. In the case of compound 2, which has neither synthetic nor natural
analogues, the tetrahedra are connected via the edge and the corners opposite to it. Thus, a 2D
[O2Cus]** layer is formed, in which the same [02Cus]** dimers can be highlighted as in its o-
modification.

Using compound 3 as an example, we can see the consequence of the interaction of tetrahedra
with different types of linkages. Here, [O1Cu4]®" tetrahedra exhibit linkage by two corners, as in
compound 5, while [02Cu4]®* realize linkage along an edge and opposite corners, as in compound 2.
As a result, amphibole-like 2D ribbons [02Cus]®* are formed.

In the lowest symmetry crystal structure 5, two copper corners of the [OCus]®* tetrahedra
participate in the organization of the corner-type of the linkage in such a way that 1D [O2Cus]®* chains
are formed. 1D [O,Cus]®* chains are separated exact fragments of the [O2Cus]®* kagome layers in the
crystal structure 4 (Kornyakov et al., 2021). According to the results of studies of the high-
temperature behavior of compounds 4 and 5, it was found that for 5 with an increase in temperature,
the direction of maximum expansion (<a11> = 48.8(6)x10° °C ) and compression (<oss> = —
16.3(2)x10® °C1) correspond to an increase in symmetry with the tendency of the configuration of
the 1D [02Cus]®* chain to the configuration of the [02Cus]®* 2D layer. No less interesting results of
thermal behavior were obtained for 4, whose expansion pattern changes from anisotropic with
increasing temperature (at 100 °C: 011 = 022 = 0.96(2)x10° °C* and a33= 8.30(2)x107® °C™?) to almost
isotropic (at 500 °C: 011 = az2 = 8.69(4)x10° °C ™! and azz = 8.27(2)x10® °C1). For 4, the maximum
expansion along ozs is observed between the [02Cus]®* layers of oxocentered tetrahedra, while within
these layers the expansion is isotropic and less intense (Ginga et al., 2022b).

Thus, it can be concluded that for the formation of an oxocentered complex with a reduced
dimension (1D), it is sufficient to involve two elements in the linkage, as in the case of
Cug02(V04)4Cl2 (5) two corners, and in a-CusO2(VO4)CI (1) two edges. For the formation of a
complex corresponding to a higher dimension (2D), an additional third element is required in the
general set of linkages, for example, for 3-CusO2(VO4)CI (2), in addition to linkage by two corners,
the third element is an additional linkage along the edge. For CusO2(V0Os)2-(CuCl) (4) the third
element is an additional linkage by third corner. Whereas for the 2D ribbon complex
Cus02(VO4)2:(KCl)os (3) the third element is a separate [02Cu4]®* tetrahedron, which complements
the general set of possible linkages of the [O1Cus]°* tetrahedron.

Consideration of crystal structures 1-5 in the terms of anion-centered polyhedra is not so much
more visual and convenient as compared to the cation-centered representation, but it is necessary for
the diagnostics and analysis of the physical properties exhibited by such compounds. Thus, for
compound 5, due to the consideration of the crystal structure in the oxocentered representation, the

nature and arrangement of magnetic interactions between copper centers is most optimally described.
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Thus, for CugO2(V0O4)sCl> competition between the nearest ferromagnetic and nearest
antiferromagnetic interactions is observed. It prevents the collinear ferrimagnetic order, while the
interaction of neighboring copper centers more distant from each other leads to spin canting (Siidra
et al., 2020).

The compound Cu(VO)2(AsOa)2, obtained by exploratory synthesis in the CuO-VO2-As20s
system, demonstrates interesting results of studying the crystal structure and physical properties
(Ginga et al., 2022a). Being a related compound for the family of structures M?*(VO)2(TO4), (M =
Ca, Co, Ni, Cu, Sr, Cd, Ba, Pb; T =P, As), Cu(V0O)2(AsOs)2 has a unique structural type based on
layers of VOg vanadium octahedra formed with the participation of two different F*4*1\/4*.O¢q-
[1+4+1l\/4* and [T+ 1INA L Oeg- 11414 [inkages, this combination of linkages has not been previously
reported. Since there are as many as two magnetic ions Cu?* and V*#*, the magnetism of this compound
is associated with the competition of various magnetic interactions. So, it was experimentally
established that in the magnetism of Cu(VO)2(AsOa4). antiferromagnetic interaction Cu-V Jcuv ~ 257
K and ferromagnetic interaction V-V Jv.v ~ -277 K prevail, forming ferrimagnetic planes with each
other, where the V** spins are parallel to each other and antiparallel to the Cu?*. In these planes, the
Cu?" and V** spins canted by 4.9° and -4.0°, respectively, while inside each sublattice the spins remain

almost collinear.
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Conclusion

As a result of the performed experiments, the following results of this work can be summarized.

Within the framework of the theoretical part of this study, the general prerequisites for the distribution

of vanadium in nature and the general aspects of the electronic structure and related magnetic

properties of Cu?* and V** ions were considered. Five new compounds were obtained in the CuO-

V205-CuCl, system, and one in CuO-VO,-As;Os. The synthesis of compounds 1-5 and

Cu(VO)2(AsO4)2 was carried out by the method of chemical vapor transport reactions under

conditions close to natural ones. In addition to synthetic compounds, the natural sample of volborthite

Cu3V207(0OH)2:2H20 was also studied in this work. Thus, the following main results of this research

work can be distinguished:

1.

Four of the six new compounds are analogues of the exhalative minerals copper oxyvanadate
chlorides, while two compounds are new structural types.

The crystal structures of five out of six new synthetic compounds are based on complexes of
[OCu4]®* oxocentered tetrahedra of different dimensions. A new polymorphic modification of
coparsite B-CusO2(VO4)CI has been established.

As a result of performing 130 syntheses in the CuO-V20s-CuCl; system, it was found that
analogs of copper oxyvanadate chloride minerals are formed in the region of the diagram with
a predominance of copper oxide CuO.

High-temperature transformation of volborthite, synthetic averievite, and synthetic
yaroshevskite is characterized by gradual transformation into known copper vanadates found
in high-temperature volcanic fumaroles: stoiberite [CusO2](VOa4)2 (Shannon, Calvo, 1973c;
Birnie, Hughes, 1979), ziesite -Cu2V207 (Mercurio Lavaud, Frit, 1973; Hughes, Birnie, 1980),
mcbhirneyite Cus(VOas)2 (Hughes et al., 1987a), fingerite Cus[Cus0]2(VOa)s (Hughes,
Hadidiacos, 1985) and blossite a-Cu.V207 (Calvo, Faggiani, 1975; Robinson et al., 1987).
Thermal expansion of volborthite, synthetic yaroshevskite and averievite was studied for the
first time. For the first two, negative thermal expansion was revealed.

Magnetic moments in the structure of synthetic yaroshevskite CugO2(VOs)4Cl, are ordered
antiferromagnetically with pronounced competition of magnetic interactions. In this case, an
uncompensated moment is created, as a result of the deviation of magnetic spins from parallel
directions (spin canting).

The Cu(AsO4)2(VO):2 structure contains layers with ferromagnetic V-V and antiferromagnetic
Cu-V interactions, which leads to a ferrimagnetic order within one layer and an

antiferromagnetic order between the layers.
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Based on the results of the this work, the following articles were written and published in peer-

reviewed scientific journals:

1) Siidra O.l., Vladimirova V.A., Tsirlin A.A., Chukanov N.V., Ugolkov V.L. CugO2(V0Oa)4Cly,
the first copper oxychloride vanadate: Mineralogically inspired synthesis and magnetic
behavior. Inorg. Chem. 2020, 59, 2136-2143.

2) Kornyakov 1.V., Vladimirova V.A., Siidra O.l., Krivovichev S.V. Expanding the averievite
family, (MX)CusO2(T°*04)2(T>*= P, V; M = K, Rb, Cs, Cu; X= Cl, Br): Synthesis and single-
crystal X-ray diffraction study. Molecules. 2021, 26, 1833.

3) Ginga V.A,, Siidra O.1., Ugolkov V.L., Bubnova R.S. Refinement of the crystal structure and

features of the thermal behavior of volborthite CuzV207(OH)2-2H,0 from the Tyuya-Muyun
deposit, Kyrgyzstan. Proc. Russian Miner. Soc. 2021, 5, 115-134.

And also the results are presented in the form of manuscripts submitted to journals and are at
the stage of review at the time of submission of the dissertation:
4) Ginga V.A., Siidra O.1., Breitner F., Jesche A., Tsirlin A.A. Chemical vapor transport synthesis
of Cu(VO)2(AsOa4)2 with two distinct spin-42 magnetic ions. Submitted, 2022a.
5) Ginga V.A., Siidra O.l., Firsova V.A., Charkin D.O., Ugolkov V. L. Phase evolution and
temperature-dependent behavior of averievite, CusO2(VOa)2(CuCl) and yaroshevskite,
CugO2(VO4)4Cl2. Submitted, 2022b.
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Appendices

Appendix 3.1. Crystallographic parameters of different volborthite CusV207(OH)2-2H20 polymorphs.
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Appendix 3.2. Volborthite crystals on the rock from the Tyuya-Muyun deposit (left) and enlarged
photo of crystalline aggregates (right).

Appendix 3.3. Crystallographic data and refinement parameters for CuzV207(OH).-2H,0 from Tyuya-

Muyun deposit.
Crystal size (mm) 0.07x0.07x0.02
Space group C2/m
a(A) 10.617(3)
b (A) 5.884(1)
c(A) 7.204(2)
B 94.559(5)
V (A%) 448.6(2)
1 (mm?) 9.050
Deaic (g/cm?®) 3.513
Radiation wavelength (A) 0.71073 (MoKa)
26-range (deg.) 2.84 - 26.92
Unique Ref. 536
Unique |Fo| > 40F 473
Ra 0.0614
R1 0.054
S 1.105

Appendix 3.4. Bond-valence sums, coordinates and isotropic displacement parameters (A2) of
Cu3sV207(0OH)2:2H20 from Tyuya-Muyun deposit.

Atoms B.V.S X y z Ueq
Cul 2.00 0 1/2 0 0.0132(5)
Cu2 2.05 1/4 1/4 0 0.0128(5)
V1 495  0.4966(13) 1/2 0.2537(2) 0.0169(5)
01 1.89 0.3413(6) 1/2 0.1541(9)  0.0184(14)
02 2.01 0.0729(5) 0.2314(10)  0.1855(8)  0.0303(14)
03 2.14 1/2 1/2 1/2 0.052(5)
On 1.78 0.3418(6) 0 0.1167(8)  0.0119(12)
Ow 2.05  0.3228(10) 0 0.4807(12 0.051(3)
H1 0.77 0.3489(6) 0 0.2532(1) 0.014(2)
H2 1.03 0.368(12) 0 0.592(10) 0.050*
H3 1.02 0.239(3) 0 0.45(2) 0.050*
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Appendix 3.5. Results of the profile matching analysis of CuzV207(OH)2-2H20 from Tyuya-Muyun
deposit from the powder XRD data.
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Appendix 3.6. Bands in the IR spectrum of volborthite CuszV207(OH)2-2H.0 from Tyuya-Muyun

compared with the literature data.

Wave number, cm?

Our data Chukanov, 2014 Frostetal., 2011 Band assignment
413 460 Bending O-V-0
508 509 Stretching Cu—O
528sh 533 Stretching Cu—O
561 564 Stretching Cu—O
744s 749s 758 Stretching vs (VOs)
794sh 788s 801 Stretching vz (VOu)
845s 849s 844 Stretching v (VOa)
897s 897s 903 Stretching v (VOs)
1025 1022 1023 Vibration 6 Cu-OH
1081w 1061 Vibration 6 Cu—OH
1112w 1095w 1097 Vibration 6 Cu—OH
1372w 1337 Combination bands/overtones
1467w 1446 Combination bands/overtones
1613s 1612 1615 Bending 6 H,O
1641sh 1643 Bending 6 H,O
1983 1990 Combination bands/overtones
2853w 2880 2854 Stretching v (OH)
2922w 2924 Stretching v (OH)
2960sh 2961 Stretching v (OH)
3315 Stretching v (OH)
3435 3490 3467 Stretching v (OH)

3551sh 3532 3549 Stretching v (OH)
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Appendix 3.7. Values (x10° °C™") of the coefficients of the thermal expansion tensor of the volborthite

unit- cell at different temperatures (T °C).

T,°C oan 022 033 Oa O Oc ona  as3’’C o oy
5 f

30  21.9(1) 28.8(1) 227(1) -42(5) 288(5) 1.2(8) 39.0 440  -266(1) 29.7()
100 -21.9(1) 28.8(1) 22.6(1) -42(5) 28.7(5) 12(8) 39.1 439  -26.7(1) 29.5(1)
180 -22.0(1) 28.7(1) 22.6(1) -42(5) 28.7(5) 12(8) 392 438  -26.7(1) 29.2(1)
200 38.4(2) 28.7(1) -48.4(2) -42(5) 28.6(5) 1.2(8) 409 455  521(1) 18.7(1)
220 38.3(2) 28.7(1) -48.4(2) -42(5) 28.6(5) 1.2(8) 408 456  52.1(1) 18.5(1)

Appendix 4.2.1. Synthesis of a-Cus02(VO4)Cl and B-CusO2(VO4)CI.

Crystals of a-CusO2(VO4)Cl and B-CusO2(VO4)Cl were obtained in the process of high-
temperature synthesis by the method of chemical vapor transport reactions from mixtures of reagents
CuO (Sigma-Aldrich, 99.995%), V20s (Sigma-Aldrich, 99.6%), and CuCl.. Copper(ll) chloride CuCl>
was obtained by dehydrating crystalline hydrate CuCl2-2H,0 (Sigma-Aldrich, 99%) at 100°C (Brauer,
1985). For reproducible a-CusO2(VO4)ClI, the weights of CuO, V20s, and CuCl, were 0.036 g, 0.007 g,
and 0.007 g for one point of the system and 0.061 g, 0.011 g, and 0.008 g for another, respectively. For
B-CusO2(VO4)CI, the mixture contained 0.054 g, 0.008 g, 0.007 g. All reagents were dried for 5 hours
at a temperature of 100°C, then quickly mixed and ground in an agate mortar in air. After that, the
reaction mixture was placed in a quartz ampoule (15 x 0.9 cm), which was subsequently evacuated (10~
2 mbar) and sealed. Next, the ampoule was placed in a Nabertherm tube furnace. Here, the syntheses
were divided into 2 groups according to the maximum temperature reached: the group of syntheses A
was heated to 600°C, and both a-CusO2(V04)Cl and B-CusO2(VO4)Cl were obtained in it. Group B
reached Tmax = 650°C, at this temperature only a-CusO2(V04)Cl was obtained. The ampoules with
reaction mixtures were heated up to Tmax at a rate of 60°C/h and then kept at this temperature for 6 hours.
Then the sealed quartz ampoules with the reaction mixtures were slowly cooled at a rate of 5°C/hour to
550°C, this temperature was maintained for 24 hours. Finally, the furnace was slowly cooled to room
temperature at a rate of 5.8 °C/hour. For a-CusO2(VO4)CI, a close association with crystals of
Cus02(VO4)2-(CuCl) was observed, and for B-CusO2(VOs4)CI, a joint presence in the ampoule with
ziesite B-Cu2(V207) was noted (Mercurio Lavaud, Frit, 1973) and CusO2(VOa4)2:(CuCl).
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Appendix 4.2.2. The crystals of a-CusO2(VO4)CI (a) and B-CusO2(VO4)CI (b).

(b)

Appendix 4.2.3. Crystallographic data and refinement parameters for a-CusO2(VO4)CI.

Crystal size (mm)
Space group
a(A)

b (&)

c(d)

V (A3)

u (mm)

Dcalc (9/0m3)
Radiation wavelength (A)
26-range (deg.)
Unique Ref.
Unique |Fo| > 40F
Ran

Ry

S

0.05x0.03x0.03
Pbcm

5.458(6)
11.183(1)
10.375(1)
633.32(1)
15.027

4578

0.71073 (MoKa)
3.644 - 26.772
712

608

0.032

0.025

1.033

Appendix 4.2.4. Bond-valence sums, coordinates and isotropic displacement parameters (A?) of
atoms in a-CusO2(VO4)CI.

Atoms B.V.S. X y z Ueq

Cul 1.93 0.47416(14) 0.34940(7) 3/4 0.0097(2)
Cu2 2.16 0.36595(15) 0.41203(6) 1/4 0.0092(2)
Cu3 1.95 0.27051(10) 0.54785(5) 0.54076(5) 0.01050(18)
\Y 5.02 0.18451(19) 1/4 1/2 0.0068(2)
Cl 0.67 0.1095(3) 0.59263(16) 3/4 0.0199(4)
01 1.94 0.4524(5) 0.5311(3) 0.3788(3) 0.0094(6)
02 2.12 0.3809(5) 0.2768(2) 0.3714(3) 0.0108(7)
03 1.95 0.9853(6) 0.6274(3) 0.4689(3) 0.0136(7)

Appendix 4.2.5.

Anisotropic displacement parameters (A?) of atoms in a-CusO2(VO4)CI.

Atoms Uy Uz Uss Uz Uiz U

Cul 0.0142(4) 0.0080(4) 0.0071(4) O 0 -0.0011(3)
Cu2 0.0132(4) 0.0077(4) 0.0066(4) O 0 -0.0010(3)
Cu3 0.0107(3) 0.0127(3) 0.0081(3) 0.0004(2) 0.0008(2) 0.0025(2)
V 0.0086(5) 0.0064(5) 0.0055(5) 0.0009(4) 0 0

Cl 0.0123(8) 0.0367(10) 0.0105(8) O 0 0.0072(8)
o1 0.0093(16) 0.0097(16) 0.0093(15) 0.0001(12) -0.0020(13) 0.0013(12)
02 0.0157(16) 0.0076(15) 0.0091(16) -0.0011(12) 0.0013(14) 0.0011(12)
03 0.0122(16) 0.0143(17) 0.0144(17) -0.0009(13) -0.0028(14) 0.0043(14)
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Appendix 4.2.6. Crystallographic data and refinement parameters for -CusO2(VO4)CI.

Crystal size (mm)
Space group
a(A)

b (A)

c(A)

)

V (A3)

u (mm-?)

Dearc (g/cm3)
Radiation wavelength (A)
26-range (deg.)
Unique Ref.
Unique |Fo| > 40F
Ra

R1

S

0.06x0.03x0.02
P2/n

6.274(2)
5.504(2)
9.181(3)
90.389(3)
317.07(1)
15.008

4572

0.71073 (MoKa)
3.702 - 33.653
1051

1003

0.014

0.013

1.056

Appendix 4.2.7. Bond-valence sums, coordinates and isotropic displacement parameters (A?) of
atoms in B-CusO2(VO4)CI.

Atoms B.V.S. X y Z Ueq

Cul 1.94 1/2 0 1/2 0.00732(6)
Cu2 2.16 1/4 0.13463(5) 3/4 0.00726(6)
Cu3 1.98 0.49072(3) 0.77303(4) 0.92723(2) 0.00817(6)
V1 4.95 0.32082(7) 3/4 3/4 0.00575(7)
Cl1 0.63 1/4 0.61230(11) 3/4 0.02017(14)
01 1.88 0.30294(18) 1.0475(2) 0.95647(13) 0.0076(2)
02 2.19 0.54534(19) 0.1261(2) 0.69338(13) 0.0106(2)
03 1.95 0.6684(2) 0.4906(2) 0.89193(13) 0.0122(2)

Appendix 4.2.8. Anisotropic displacement parameters (A?) of atoms in p-CusO2(VOa)CI.

Atoms Uy Uz Uss Uz Uiz U,
Cul  0.00495(12) 0.01044(13) 0.00658(12) -0.00216(9) 0.00056(3)  -0.00060(3)
Cu2  0.00475(12) 0.01110(14) 0.00594(12) 0 0.00061(9) O
Cu3  0.00699(9) 0.00755(10) 0.00995(10) -0.00232(6) -0.00145(7) 0.00135(6)
V1 000463(15) 0.00642(16) 0.00621(16) O -0.00012(12) 0
Cll  00242(3) 00081(2)  0.0280(3) O 0.01803) 0
Ol  00055(5 0.0092(5) 0.0081(5) -0.0004(4) -0.0001(4)  0.0003(4)
02  00069(5 00154(6)  0.0096(5)  -0.0039(4) 0.0012(4)  -0.0029(4)
03  00115(5) 00115() 00134(6) -0.0043(4) -0.0002(4)  0.0043(4)
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Appendix 4.2.9. Results of the qualitative electron microprobe analysis of a-CusO2(VO4)CI and f-
Cus02(VO4)CL.

a-Cu,0,(VO,)Cl

1;‘;‘l = 1‘4 1l6 18 20

keV'

B-Cu,0,(VO,)CI

g 2 H 8 5 iR Y S i G
Full Scale 170 cts keV'

Appendix 4.2.10. Results of the Raman spectral analysis of a-CusO2(VO4)Cl and B-CusO2(VO4)Cl in

comparison with Raman spectroscopy data of fingerite Cu1102(VO4)s and stoiberite CusO2(VOa)2.

a-CusO2(VO4)Cl  B-CusO2(VO4)CI  Fingerite Stoiberite Band assignment
CunOz(VO4)e CU502(VO4)2

104s 107w Lattice-related modes

122w 119w

161w 152

194w 180w 195w Bending of O-Cu-O units

252 197w +

288w 261w Bending of VV-O-Cu units
E 320 358w 342w 330w v2 Bending of (VO4)* units
< | 356w 410
E | 417w 510w 506s 505w va Bending of (VO4)* units
o | 596w 587w 560w vs  Symmetric stretching

641w (VO4)* units

803s 788s 800s vz Antisymmetric stretching
(VO4)* units
827
873s 875s 892s 900s v1 Symmetric stretching
932w 950 stretching of (VO4)* units
References
Our data Our data RRUFF Chukanov,

ID:R070614 Vigasina
2020
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Appendix 4.3.1. Synthesis of CusO02(VO4)2:(KCl)os.
Crystals of CusO2(VOa4)2-(KCl)os were obtained in the process of high-temperature synthesis by
the method of chemical vapor transport reactions from mixtures of CuO (Sigma-Aldrich, 99.995%),
V205 (Sigma-Aldrich, 99.6%), and CuCl, reagents. Copper(ll) chloride CuCl, was obtained by
dehydrating crystalline hydrate CuCl2-2H>O (Sigma-Aldrich, 99%) at 100°C (Brauer, 1985). For
CusO2(V0O4)2-(KCl)os, the weights of CuO, V20s, and CuCl. were 0.061 g, 0.006 g, and 0.012 g,
respectively. All reagents were dried for 5 hours at a temperature of 100°C, then quickly mixed and
ground in an agate mortar in air. After that, the reaction mixture was placed in a quartz ampoule (15 x
0.9 cm), which was subsequently evacuated (102 mbar) and sealed. Next, the ampoule was placed in a
Nabertherm tube furnace. CusO2(VOa)2-(KCl)os was formed in syntheses group A at Tmax = 600°C. The
ampoule with the reaction mixture was heated to Tmax at a rate of 60°C/h and then kept at this temperature
for 6 hours. Then the sealed quartz ampoule was slowly cooled at a rate of 5°C/hour to 550°C, this
temperature was maintained for 24 hours. Finally, the furnace was slowly cooled to room temperature
at a rate of 5.8 °C/hour. For CusO2(VO4)2:(KCl)os, a close association with stoiberite CusO2(VOa4)2
crystals was observed (Shannon, Calvo, 1973c). K, observed in crystal structure 3, entered the initial

reaction mixture without additional alkali metal cations from the material of the quartz ampoule.

Appendix 4.3.2. The crystals of Cus02(VOa)2:(KCl)gs.

Appendix 4.3.3. Crystallographic data and refinement parameters for CusO2(VOa4)2-(KCl)os.

Crystal size (mm) 0.04x0.03x0.03
Space group C2/m

a(A) 18.180(3)

b (A) 6.1424(10)
c(A) 8.2421(14)
B(°) 91.246(3)

V (A3 920.2(3)

4 (mm™) 14.615

Dcalc (g/cms) 5 133
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Radiation wavelength (A) 0.71073 (MoKa)

26-range (deg.) 2.241 - 27.995
Unique Ref. 1211
Unique |Fo| > 40F 1014
Ra 0.035
R1 0.024
S 1.002

Appendix 4.3.4. Coordinates and isotropic displacement parameters (A?) of atoms in
Cus02(V0Oa4)2-(KCl)oss.

Atoms X y z Ueq

Cul 0.62077(3) 0.74304(8) 0.64163(6) 0.00947(13)
Cu2 0.68717(4) 1.000000 0.90893(8) 0.01231(17)
Cu3 0.78421(4) 1.000000 0.63840(8) 0.01478(18)
CudA 0.54848(17) 1/2 0.3679(3) 0.016(5)
Cu4B 0.5445(4) 0.5668(11) 0.3693(4) 0.0055(12)
V1 0.68001(5) 1.000000 1.33612(11) 0.0065(2)
V2 0.62229(5) 1/2 0.00776(11) 0.0063(2)
CI1A 0.5046(5) 1.000000 0.572(3) 0.015(3)
CliB 0.5056(3) 1.000000 0.6219(17) 0.010(2)

01 0.6798(2) 1.000000 0.6770(5) 0.0069(7)
02 0.5578(2) 1/2 0.6002(5) 0.0085(8)
03 0.63838(14) 0.7553(5) 1.3991(3) 0.0087(5)
04 0.7035(2) 1/2 0.1224(5) 0.0125(9)
05 0.61697(15) 0.2717(5) -0.1151(3) 0.0124(6)
06 0.7700(2) 1.000000 1.4022(5) 0.0122(8)
o7 0.6809(3) 1.000000 1.1366(5) 0.0169(9)
08 0.5531(2) 1/2 0.1388(5) 0.0187(10)

Appendix 4.3.5. Anisotropic displacement parameters (A2) of atoms in CusO2(VOa)2:(KCl)os.

Atoms Uy Uz Uss Uzs Uis Up
Cul  0.0135(2) 0.0076(2) 0.0073(2) -0.00063(18) 0.00145(17) -0.0043(2)
Cu2  00102(3) 00220(4) 00048(3) 0 0.0001(2) 0
Cu3  00065(3) 0.0317(5) 0.0062(3) O 0.0007(3) 0
CudA  00052(13) 0.041(14) 0.0026(11) O 0.0002(5) 0
Vi 00090(4) 0.0063(4) 0.0041(4) 0 0.0005(3) 0
V2 00065(4) 00083(5) 0.0042(4) 0 0.0007(3) 0
M1 0.0266(14) 0.0436(18) 0.071(2) O 0.0294(13) 0
CILA  00115(5) 00115(5) 0.0134(6) -0.0043(4)  -0.0002(4)  0.0043(d)
O1  00047(17) 0.0077(19) 0.0084(18) 0 20.0004(14) 0
02  00064(17) 0.0108(19) 0.0082(18) O :0.0019(14) 0
03  00101(12) 0.0094(13) 0.0066(12) -0.0017(11) 0.0027(10) -0.0013(L1)
04  0.0064(18) 0.025(2)  0.0058(18) 0 0.0003(15) 0
O5  00170(14) 0.0121(15) 0.0080(13) -0.0006(11) 0.0004(11) 0.0038(12)
06  00106(19) 0.018(2)  0.0080(19) O 0.0012(15) 0
07  00272)  0014(2) 00102) 0 0.0003(17) 0
08  00076(19) 0041(3) 0007(2) O 0.0018(15) 0
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Appendix 4.3.6. Results of the qualitative electron microprobe analysis of CusO2(VOa4)2:(KCl)oss.

©) €&

& Cu.0,(V0,),-0.5KCl
(1)
3

Cl @ @

O €

0 2 4 6' ' 8 ' 1'0 ' 1'2 ' 1'4 ' 1'6 ' 1'8 ' 2'0
Full Scale 571 cts keV|

Appendix 4.3.7. Results of the Raman spectral analysis of CusO2(VO4)2:(KCl)os in comparison with
Raman spectroscopy data of fingerite Cu1102(VOs)s and stoiberite CusO2(VOa)2.

Cus02(VO4)2-(KClos  Fingerite Stoiberite Band assignment
Cu1102(VO4)s  Cus02(VOa)2
110w Lattice-related modes
127w
160w
188w 195w Bending of O-Cu-O units
235s +
w | 295W Bending of V-O-Cu units
E 350w 342w 330w v2 Bending of (VO4)* units
& 410
S | 503w 506s 505w va Bending of (VO4)* units
©
= 540s 560w vs  Symmetric stretching
(VO4)* units
795sh 788s 800s vz Antisymmetric stretching
811s (VO4)* units
879s 892s 900s v1 Symmetric stretching
968s 932w 950 stretching of (VO4)* units
Our data RRUFF Chukanov,
ID:R070614 Vigasina
2020

Appendix 4.4.1. Synthesis of CusO2(VOa4)2:(CuCl).

Cus02(VOg4)2-(CuCl) crystals were obtained in the process of high-temperature synthesis by the
method of chemical vapor transport reactions from mixtures of reagents CuO (Sigma-Aldrich, 99.995%),
V205 (Sigma-Aldrich, 99.6%), and CuCl,. Copper(ll) chloride CuCl, was obtained by dehydrating
CuCl2-2H20 crystalline hydrate (Sigma-Aldrich, 99%) at 100°C (Brauer, 1985). Cus02(VO4)2-(CuCl) is
a well-reproducible compound, the weights of CuO, V20s, CuCl; at five different points of the ternary
system were: 0.036 g, 0.007 g, 0.007 g; 0.033g, 0.007g, 0.009¢; 0.12g, 0.022g, 0.007g; 0.054¢g, 0.008g,
0.007g; 0.061 g, 0.011 g, 0.008 g, respectively. All reagents were dried for 5 hours at a temperature of
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100°C, then quickly mixed and ground in an agate mortar in air. After that, the reaction mixture was
placed in a quartz ampoule (15 x 0.9 cm), which was subsequently evacuated (1072 mbar) and sealed.
Next, the ampoule was placed in a Nabertherm tube furnace. CusO2(VO4).-(CuCl) was observed in both
groups of syntheses A (Tmax = 600°C) and B (Tmax = 650°C). The ampoules with reaction mixtures were
heated up to Tmax at a rate of 60°C/h and then kept at this temperature for 6 hours. Then the sealed quartz
ampoules with the reaction mixtures were slowly cooled at a rate of 5°C/hour to 550°C, this temperature
was maintained for 24 hours. Finally, the furnace was slowly cooled to room temperature at a rate of 5.8
°C/hour. Cus02(V0Oa4)2-(CuCl) was closely associated with crystals of ziesite B-Cuz(V207) (Mercurio
Lavaud, Frit, 1973), stoiberite Cus02(VOs)2 (Shannon, Calvo, 1973¢), a-CusO2(VOa4)Cl. The formation
of belloite Cu(OH)CI (litaka et al., 1961) on some crystal surfaces was also noted, which is most likely
due to the transformation of the synthesized compounds in air. Also, the assumption is not ruled out that
the formation of (OH)™ may be the result of partial hydration of the initial mixture of reagents for a short

time in air before filling the quartz ampoules.

Appendix 4.4.2. Sealed quartz ampule with red arrows pointing at the deposition zone with averievite

Cus02(V0Os4)2:(CuCl) crystals. Dark-blue averievite crystals in association with ziesite f-CuzV207.

.-

Appendix 4.4.3. Crystallographic data and refinement parameters for CusO2(VOa4)2-(CuCl).

Crystal size (mm) 0.06x0.04x0.02
Space group P-3m1

a(A) 6.406(4)

c(A) 8.403(5)

V (A% 298.6(4)
u(mm?) 14.178

Deaic (9/cm?) 4.324
Radiation wavelength (A) 0.71073 (MoKa)
26-range (deg.) 2424 -27.775
Unique Ref. 310

Unique |Fo| > 40F 299

Rail 0.048

R1 0.036

S 1.099
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Appendix 4.4.4. Coordinates and isotropic displacement parameters (A?) of atoms in
Cus02(VOg4)2-(CuCl).

Atoms B.V.S. X y z Ueg

Cul 2.01 1/2 1/2 0 0.0169(4)
Cu2 2.06 0.6667 1/3 -0.2739(2) 0.0328(6)
Cu3A 0.62 0 0 0.2582(8) 0.103(5)
Cu3B 0.43 0.167(3) 0.203(3) 0.3293(19) 0.072(5)
V1 4.94 2/3 1/3 0.3072(3) 0.0134(5)
Cl1 0.43 0 0 1/2 0.122(6)
Cl2 0.62 0 0 0 0.0363(15)
01 2.22 2/3 1/3 -0.0449(10) 0.0125(19)
02 2.06 2/3 1/3 -0.4962(12) 0.025(2)
03 191 0.5198(6) 0.4802(6) 0.2343(6) 0.0359(18)

Appendix 4.4.5. Anisotropic displacement parameters (A2) of atoms in CusO2(VOs)2-(CuCl).

Atoms Uy Uz Uss Uz Uiz U
Cul 0.0263(7) 0.0263(7) 0.0070(6) -0.0001(2) 0.0001(2) 0.0198(7)

Cu2  0.0461(9) 0.0461(9) 0.0060(8) 0 0 0.0231(5)
Cu3A 0.143(8) 0.143(8) 0.023(3) O 0 0.072(4)
V1 0.0174(8) 0.0174(8) 0.0053(10) O 0 0.0087(4)
CIl  0.68(10) 0.168(10) 0.030(4) 0 0 0.084(5)
Cl2  0.041(2) 0.041(2) 0.027(3) O 0 0.0205(11)
o1 0.016(3) 0.016(3) 0.005(4) 0 0 0.0081(15)
02 0.031(4) 0.031(4) 0.011(4) 0 0 0.0157(19)
03 0.064(4) 0.064(4) 0.009(2)  0.0001(13) -0.0001(13) 0.053(5)

Appendix 4.4.6. Results of the profile matching analysis of CusO2(V0Oa4).-(CuCl) from the powder
XRD data.

8000 L L L L L L ]

Cu,0,(VO,),(CuCl)
i s oY R,=223% -
6000 - — Vo Rup = 4.62% 7

4000

Intensity (arb. units)

2000

10 20 30 40 50 60 70 80
20(°)/A=1.7889 A
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Appendix 4.4.7. Results of the Raman spectral analysis of 4 and 5 in comparison with Raman

spectroscopy data of fingerite Cu1102(VOs)s and stoiberite CusO2(VOa)z2.

“Averievite” “Yaroshevskite” Fingerite Stoiberite Band assignment
CUst(VO4)2(CUC|) CU902(VO4)4C|2 CU1102(VO4)6 CU502(VO4)2
109 Lattice-related modes
123w 123s
176
202 202w 195w Bending of O-Cu-O units
246w +
2 Bending of V-O-Cu units
= 316 342w 330w v, Bending of (VO4)* units
< | 390w 410
= 506s 505w va Bending of (VO4)* units
0| 542 560w vz Symmetric stretching
(VO4)* units
800s 722s 788s 800s vs Antisymmetric stretching
794s (VO4)* units
855s
917s 892s 900s v1 Symmetric stretching
954s 944s 932w 950 stretching of (VO,)* units
Reference
Our data Our data RRUFF Chukanov,

ID:R0O70614  Vigasina 2020

Appendix 4.4.8. Values (x10° °C! ) of the coefficients of the thermal expansion tensor of
Cus02(V0O4)2:(CuCl) unit- cell at different temperatures (T °C).

T,°C  an 022 033 Oa Olb Oc o™ av

100  096(2) 0.96(2) 8.30(2) 096(2) 096(2) 8.30(2) 30.0  10.22(3)
200 3.00(1) 3.00(1) 8.29(2)  3.00(1) 3.001)  8.29(2) 300  14.29(3)
300  503(1) 5.03(1) 8282  503(1) 503(1) 828(2) 300  18.35(3)
400  7.07(2) 7.07(2) 828(2) 7.07(2) 7.07(2)  828(2) 300  22.41(3)
500  8.69(4) 8.69(4)  8.27(2)  8.69(4) 869(4)  8.27(2) 300  25.65(3)

Appendix 4.5.1. Synthesis of CugO2(V0O4)4Cl.

Crystalline samples of CugO2(V0O4)4Cl> were obtained in the process of high-temperature synthesis
by the method of chemical vapor transport reactions from a mixture of reagents CuO (Sigma-Aldrich,
99.995%), V20s (Sigma-Aldrich, 99.6%), and CuCl,. Copper(ll) chloride CuCl> was obtained by
dehydrating CuCl2-2H>0 crystalline hydrate (Sigma-Aldrich, 99%) at 100°C (Brauer, 1985). The masses
of reagents CuO, V20s, and CuCl, for 6 different stoichiometries were: 0.0583 g, 0.005 g, 0.0962 g;
0.105 g, 0.03 g, 0.015 g; 0.0975 g, 0.037 g, 0.015 g; 0.112 g, 0.03 g, 0.007 g; 0.12 g, 0.03 g, 0.015 g;
0.105 g, 0.037 g, 0.007 g, respectively. All reagents were dried for 5 hours at a temperature of 100°C,
then quickly mixed and ground in an agate mortar in air. After that, each reaction mixture was placed

into a quartz ampoule (15 x 0.9 cm), which was subsequently evacuated (1072 mbar) and sealed. Next,
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the ampoule was placed in a Nabertherm tube furnace, where it was heated to 600°C (group A) / up to
650°C (group B) at a rate of 60°C/hour and then kept at this temperature for 6 hours. It should be noted
that the formation of CugO2(V0a4)4Cl> is characteristic of both groups A and B syntheses. Then the sealed
quartz ampoule with the reaction mixture was slowly cooled at a rate of 5°C/hour to 550°C, this
temperature was maintained for 24 hours. Finally, the furnace was slowly cooled to room temperature
at a rate of 5.8 °C/hour. Dark blue CugO2(VO4)4Cl> crystals were observed in the crystallization zone of
the tube. Dark red crystals of ziesite B-Cu2(V207) (Mercurio Lavaud, Frit, 1973), dark blue crystals of
stoiberite CusO2(VOa4)2 (Shannon, Calvo, 1973c), and mchirneyite Cuz(\VOa)2 (Hughes et al., 1987a),
fingerite Cu1104(VOs)s (Hughes, Hadidiacos, 1985), melanothallite Cu.Cl,O (Scacchi, 1870) and
belloite Cu(OH)CI (litaka et al., 1961) was also observed on crystal surfaces, the intergrowths of which

became more extensive with time of open finding the sample in air.

Appendix 4.5.2. Prismatic crystals of CugO2(VO4)4Cl: (left) and BSE image of the individual crystal
(right). Opened ampule with B-Cu2V207 and CusO2(V04)4Cl2 (below).

—

Hot zone & [l Depo )
B-Cu,(V,0) 2 y Cu0,(Vo)Cl,

Appendix 4.5.3. Crystallographic data and refinement parameters for CugO2(VO4)4Cla.

Crystal size (mm) 0.05%0.03x0.01
Space group P-1

a(A) 6.472(4)

b (A) 8.343(6)

c(A) 9.206(7)

a(®) 105.177(1)
B(°) 96.215(1)

v (°) 107.642(1)

V (A%) 447.6(5)

1 (mm™) 12.816

Deaic (g/cm3) 4,209
Radiation wavelength (A) 0.71073 (MoKa)
26-range (deg.) 2.341-27.994
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2165
1705
0.044
0.028
0.993

Appendix 4.5.4. Coordinates and isotropic displacement parameters (A2) of atoms in

Cug02(VO04)4Clo.
Atoms B.V.S X y z Ueq
Cul 1.99 0.14064(9) 0.71798(8) 0.02245(6) 0.00964(14)
Cu2 2.07 0.41418(9) 0.54191(8) -0.35857(7) 0.01186(15)
Cu3 1.94 0.17069(10) 0.83188(7) -0.31267(6) 0.01125(14)
Cu4d 1.89 1/2 0 0 0.01050(18)
Cus 1.86 0 0 0 0.01127(18)
CubA 1.90 0 0 1/2 0.0155(2)
Cu6B 1.55 0.241(2) 0.0438(18) 0.4558(15) 0.009(3)
V1 4.80 0.11056(13)  0.41633(10)  -0.34958(8)  0.00762(17)
V2 4.99 0.32438(12)  0.25122(10)  -0.14950(8)  0.00714(17)
Cci1 1.10 0.6533(2) 0.87070(17) -0.27901(15)  0.0251(3)
o1 1.94 0.3915(5) 0.4387(4) -0.1924(4) 0.0122(7)
02 2.05 0.1353(5) 0.5872(4) -0.3415(3) 0.0104(7)
03 2.05 0.3414(5) 0.5372(4) -0.5820(4) 0.0119(7)
o4 1.94 0.0890(5) 0.7792(4) -0.5394(4) 0.0137(7)
05 1.87 0.1092(5) 0.5829(4) 0.1680(4) 0.0133(7)
06 2.14 -0.1279(5) 0.7667(4) 0.0357(4) 0.0121(7)
o7 2.01 0.1922(5) 0.8881(4) -0.0949(3) 0.0077(6)
08 2.19 0.4536(5) 0.7756(4) 0.0514(4) 0.0104(7)
09 2.15 0.2119(5) 0.0706(4) -0.3187(4) 0.0145(7)

Appendix 4.5.5. Anisotropic displacement parameters (A?) of atoms in CugO2(VO4)4Clo.

Atoms U U2 Uss Uz Uiz U,

Cul  0.0080(3) 0.0122(3) 00131(3) 0.0083(2) 0.0042(2)  0.0052(2)
Cu2  00120(3) 0.0179(3) 00133(3) 0.0100(2) 0.00702)  0.0099(3)
Cu3  00189(3) 0.0071(3) 0.0081(3) 0.0027(2) 0.0010(2)  0.0053(2)
Cud  00071(4) 0.0097(4) 00152(4) 0.0072(3) -0.0002(3) 0.0016(3)
Cus  00121(4) 0.0096(4) 0.0182(4) 0.0082(3) 0.0096(3)  0.0069(3)
CUBA 0.0262(6) 0.0080(5) 0.0099(4) -0.0014(3) -0.0083(4) 0.0100(4)
V1l 00078(4) 0.0080(4) 0.0081(4) 0.0037(3) 0.0019(3)  0.0032(3)
V2 00070(4) 0.0069(4) 0.0094(4) 00040(3) 0.0023(3)  0.0033(3)
CIL  00279(8) 0.0173(7) 0.0230(7) 0.0032(5) -0.0002(6) 0.0023(6)
Ol  00143(18) 0.0111(17) 0.0124(16) 0.0058(13) 0.0020(14) 0.0046(14)
02  00122(17) 0.0078(16) 0.0127(16) 0.0034(13) 0.0036(13) 0.0049(14)
03  00112(17) 0.0182(18) 0.0120(16) 0.0074(14) 0.0050(13) 0.0097(14)
04  0023(2)  0.0078(17) 0.0090(16) 0.0030(13) -0.0009(14) 0.0041(14)
O5  00139(18) 0.0184(19) 0.0102(16) 0.0080(14) 0.0050(14) 0.0051(15)
06  00107(17) 0.0114(17) 0.0193(18) 0.0096(14) 0.0089(14) 0.0049(14)
07  00103(16) 0.0075(16) 0.0068(15) 0.0029(12) 0.0032(12) 0.0042(13)
08  0.0068(16) 0.0137(17) 0.0138(16) 0.0088(13) 0.0023(13) 0.0039(14)
09  00199(19) 0.0102(17) 0.0106(16) 0.0020(13) -0.0032(14) 0.0045(15)
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Appendix 4.5.6. Results of the profile matching analysis of CugO2(V04)4Cl, from the powder XRD
data.

10000 [T T T T T T T -

C Cu,0,(v0,),Cl,
N oY, =371% ]
8000 - obs P -
- —Y i Rup = 5.13% ]
_Yot»' Ycak E ]
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Appendix 4.5.7. Values (x10° °C™1) of the coefficients of the thermal expansion tensor of
Cug02(VO04)4Cl2 unit-cell at different temperatures (T °C).
T,°C ou 022 033 Oa O Oc aii*a  ax™b o’ oy
100 49.2(6) 9.0(1) -162(2) 436(3) 20.16(1) -152(1) 203 47.7 116 42.0(3)
200 49.0(6) 8.8(1) -16.3(2) 43.4(3) 20.12(1) -152(1) 203 47.9 119 415(3)
300 48.8(6) 86(1) -16.3(2) 432(3) 20.08(1) -152(1) 203 481 121 41.1(2)
400 48.6(6) 85(1) -16.4(2) 43.0(3) 20.04(1) -153(1) 203 484 123 40.7(3)
480  48.4(6) 8.4(1) -16.4(2) 42.9(3) 20.01(1) -153(1) 20.2 485 125 40.4(3)

Appendix 4.6.1. Synthesis of Cu(VO)2(AsOa)a.

Crystalline samples of Cu(VO)2(AsOa4). were obtained by the chemical vapor transport reactions
from a stoichiometric mixture of the precursors CuO (Sigma-Aldrich, 99%), VO (Thermo Scientific,
99%) and As>Os taken in the 1:1:2 ratio (0.015 g, 0.015 g, 0.03 g and 0.025 g, 0.025 g, 0.05 g). Arsenic
(V) oxide As20s was obtained by evaporating arsenic acid H3AsO4 (Sigma-Aldrich, 99%) at 300°C
(Brauer, 1985). All of the reagents were pre-dried at 100 °C for 5 h and further rapidly mixed and ground
in an agate mortar in air. The reaction mixture was loaded into a quartz ampoule (ca. 15 x 0.9 cm), which
was evacuated (1072 mbar) and further sealed. The ampoule was placed horizontally in a tubular furnace
Nabertherm and heated up to 600 °C with a rate of 57°C/hour and further held at this temperature for 6
hours. The temperature gradient between the source (hot) and deposition (cold) zones of the tube in the
furnace was ~50 °C. Then it was slowly cooled with the rate of 5 °C/hour down to 550 °C and held for
20 hours. Finally, the furnace was slowly cooled to room temperature with the rate of 5.8 °C/hours.
Well-crystalline single-phase aggregates (confirmed by powder X-ray analysis) consisting of dark-blue

crystals of Cu(VO)2(AsO4). were observed in the deposition zone of the tube, while dark-red crystals of
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B-Cu2(V207) (Mercurio Lavaud, Frit, 1973) and blue crystals of (H2AsOa4)2(VO) (Wang, Lee, 1991)
occurred in the source hot zone. Noteworthy is the fact that (H2AsO4)2(VO) was formed. This
observation is the result of the partial hydration of the initial mixture of reagents for a short period of
time in the air before filling the quartz ampules. For the same reason, vanadium was partially oxidized

resulting in the formation of S-Cuz(V207).

Appendix 4.6.2. The quartz ampoule with Cu(VO)2(AsO4)2 (a). The crystals of Cu(VO)2(AsO4)2 (b) and
BSE image of the aggregate of crystals (c).
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Appendix 4.6.3. Crystallographic data and refinement parameters for Cu(AsOa)2(VO)s..

Crystal size (mm) 0.05x0.05x0.02
Space group P2./c

a(A) 8.3815(5)

b (A) 4.9216(3)
c(A) 9.0759(5)

L) 107.992(10)

V (A%) 356.08(4)

1 (mm?) 14.797

Deaic (g/cm?) 4.433
Radiation wavelength (A) 0.71073 (MoKa)
¢-range (deg.) 2.555 - 35.678
Unique Ref. 1387

Unique |Fo| > 40F 1242

Rail 0.029

R1 0.024

S 1.082
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Appendix 4.6.4. Bond-valence sums, coordinates and isotropic displacement parameters (A?) of
atoms in Cu(AsO4)2(VO)..

Atoms B.V.S. X y z Ueg

Cul 2.01 Y 0 0 0.00880(11)
V1 4.10 0.90380(5) -0.12361(8) 0.11454(5) 0.00462(10)
Asl 4.87 0.72271(3) 0.10059(5) 0.36189(3) 0.00618(8)
01 2.01 0.7210(2) 0.0690(4) 0.1717(2) 0.0063(3)
02 1.95 0.8975(2) 0.2885(4) 0.4613(2) 0.0066(3)
03 1.98 0.7356(2) -0.2104(4) 0.4430(3) 0.0082(4)
04 1.99 0.5477(3) 0.2520(4) 0.3609(3) 0.0102(4)
05 2.06 0.9392(2) -0.3757(4) 0.2366(3) 0.0079(3)

Appendix 4.6.5. Anisotropic displacement parameters (A?) of atoms in Cu(AsOa4)2(VO)2.

Atoms Uy Uz Uss Uz Uiz Up

Cul 0.00608(19) 0.0110(2) 0.0077(3) 0.00386(16) -0.00019(17) -0.00312(15)
V1 0.00487(17) 0.00395(16) 0.0048(2) 0.00019(13) 0.00108(15) 0.00026(13)
Asl 0.00631(12) 0.00544(12) 0.00660(17) -0.00011(9) 0.00169(10) 0.00027(8)
o1 0.0067(8) 0.0083(7) 0.0041(10)  0.0000(6) 0.0019(7) 0.0003(6)
02 0.0067(7) 0.0073(7) 0.0060(10) -0.0017(6)  0.0024(7) -0.0014(6)
03 0.0092(8) 0.0054(7) 0.0070(11)  0.0028(6) -0.0019(7) -0.0008(6)
04 0.0061(8) 0.0136(9) 0.0104(12) -0.0043(7)  0.0015(7) 0.0036(7)
05 0.0070(8) 0.0089(8) 0.0071(10) 0.0018(7) 0.0013(7) 0.0002(6)

Appendix 4.6.6. Crystallographic data of M 2*(VO)2(TOa). (M = Ca, Co, Ni, Cu, Sr, Cd, Ba, Pb; T =P,

As) compounds at room temperature.

Compound S.G. a(A) b (A) c(A) B V (A%) Z R V-0-V Ref.
Cu(VO)2(AsOs),  P2Jc  8.3815(5) 4.9216(3) 9.0759(5) 107.992(1) 356.08(4) 2 0.024 Fig.62a

Cu(VO)(POs),  Pbca  7.352(1) 12.652(1) 14.504(2) 134913 8 0.048 Fig.62b  [1]
a-Ni(VO)(POs),  P2i/c  6.297(2) 7.2302) 7.421(2)  90.36(2)  337.8(2) 2 0.030 Fig.62c  [2]
B-Ni(VO)2(POs), P2i/c  7.2691(2) 7.2366(2) 7.4453(2) 120.231(2) 338.39(2) 2 0.019 Fig.62d  [2]
a-Co(VO)(POs), P2i/c  6.310(1) 7.273(2) 7.432(2)  90.43(2)  341.1(1) 2 0031 Fig.62c  [2]
B-Co(VO)(POs). P2i/c  7.2742(2) 7.2802(2) 7.4550(2) 120.171(2) 341.32(2) 2 0.023 Fig.62d  [2]
Ca(VO)2(POs),  Fdd2  11.795(4) 15.784(6) 7.190(4) 1338.5(9) 8 0.035 Fig.62¢  [3]
Sr(V0)y(PO). Fdd2  11.992(3) 15.932(2) 7.222(2) 1379.81 8 0.042 Fig.62¢  [4]
Cd(VO)(POs).  Fdd2  11.571(1) 15.880(2) 7.138(1) 13115(1) 8 0.026 Fig.62  [5]
a-Sr(VO)2(AsOs). 14/a  18.131(5) 18.131(5) 4.669(1) 1534.9(7) 8 0032 Fig.62g  [6]
Ba(VO)2(AsOs);  l4i/a  18.384(2) 18.384(2) 4.651(1) 1571.9(3) 8 0031 Fig.62g  [6]
B-SI(VO)2(AsOs). P2:2:2, 4.9269(5) 12.565(1) 12.739(1) 788.7(1) 4 0.038 Fig.62f  [7]
Ba(VO)(POs):  P2/c  5.2204(3) 9.1702(7) 16.3247(9) 92.757(5) 780.6(3) 4 0.031 Fig.62h  [8]
Pb(VO)(PO.).  P2Jc  5.2306(4) 85805(9) 16.790(1) 91.01(1)  753.4(1) 4 0032 Fig.62h  [9]

Note: [1] Benser et al., 2008; [2] Kaoua et al., 2009; [3] Lii et al., 1992; [4] Berrah et al., 1999; [5] Leclaire et al., 1993; [6]
Wang, Cheng, 1994; [7] Wang, Tsai, 1996; [8] Grandin et al., 19923; [9] Grandin et al., 1992b
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Appendix 4.6.7. Results of the profile matching analysis of Cu(VO)2(AsOa4). from the powder XRD
data.

Cu(VO),(AsO,), |
R,=1.86 |
R, =471}

Intensity (arb. units)

b

S - O 1S " | I S T S|
40 60 70 80

30 50
26 /°(A=1.7889 A)

Appendix 4.6.8. Values (x10° K1) of the coefficients of the thermal expansion tensor of
Cu(VO)2(As0a4). unit-cell at different temperatures (T, K).

T.K an 022 033 Oa Ob Olc a™a  azC o O

300 11.66(3) 6.47(1) 5.30(1) 8.49(1) 6.47(2) 6.61(2) 449 269 -3.05(18) 23.43(5)
500 11.64(3) 6.46(1) 5.29(1) 8.47(1) 6.46(2) 6.60(2) 449 270 -3.05(18) 23.39(6)
700  11.62(3) 6.45(1) 5.28(1) 8.46(1) 6.45(2) 6.59(2) 449 270 -3.05(18) 23.35(6)
800 11.61(2) 6.45(1) 5.27(1) 845(1) 6.45(2) 6.58(2) 449 271 -3.05(18) 23.33(6)
825 11.61(2) 6.45(1) 527(1) 8.45(1) 6.45(2) 658(2) 449 27.1 -3.05(18) 23.33(4)
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Appendix 4.6.9. Evolution of the Cu-O, V-0 and As-O bond-lengths with increasing temperature.
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Appendix 4.6.10. Evolution of the Cu-O, V-0 and As-O bond-lengths with increasing temperature.
Thermal ellipsoids are drawn at 50% probability.
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