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B pabore nipencraBieHbl pe3yabTaThl UCCIEAOBAHUSI TEPMUYECKOTO TTOBENEHUSI MUHEpPa-
soB penorosura K,Cu3;0(SOy4)3 n muiinura K4CuyO(SOy)4(Na,Cu)Cl B mmpokomM MH-
TepBaJie TeMrieparyp. [IpoBeaeHO yrouHeHHe KPUCTAUIMUECKON CTPYKTYPbl TOJOTUITHOTO
oOpasiia muiinuTa NMpu KOMHATHON TemrepaTtype. OnucaHbl MEXaHU3Mbl TEPMUYECKOTO
paciMpeHrsi MUHEPaJIOB B 3aBUCMMOCTU OT KPUCTAJLTUYECKOTO CTPOCHUSI.
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BBEAEHUE

OnuH 13 HauboJsee pe3yIbTaTUBHBIX METOAOB [IJISl TOMCKA U CO3[aH1sI MaTepUaioB OCHO-
BaH Ha MCIIOJIb30BaHUU TIOAX0Ja “OT MUHEPaJIOB K MatepuanaM” [1—4], KOTOphIii moKa3al
CBOIO BBICOKYI0 3(D(DEKTUBHOCTD Y PE3YJIbTATUBHOCTD JIJIsl pA3JIMYHBIX KJIACCOB COCAMHEHUIA.
Hcnonb3oBaHKE B Ka4eCTBE apXeTUIIOB HOBBIX MaTepUasioB MPUPOIHBIX aHAJIOTOB, 0Opa3sy-
IOIIUXCS B IIMPOKOM CITEKTPE TEOXMMUUYECKMX 0OCTAHOBOK, MO3BOJISIET U30€XKaTh IPUMEHEHMUST
JIOPOTOCTOSIIIIETO ¥ BECbMa 3aTPATHOTO M0 BpEMEHU MeTo/1a TPoO 1 OLIMOOK MPU TTOUCKE HOBBIX
coenyHeHUit. OMHONM U3 TaKKUX “TIPUPOTHBIX JTJA0OpaTOPHii” T10 CO3MAHUIO IIMPOKOTO CIIEKTpa
MUHEPAJIOB, CHHTETUYECKUE aHAJIOT KOTOPBIX 00J1a1al0T PSIIOM MEePCIeKTUBHBIX (PU3NYECKUX
CBOWCTB, SIBJISIOTCS (hyMaposibl ByJkaHa Ton6aurk (rm-oB Kamuarka) [5, 6].

B akcransiimoHHbBIX OTJIOXEHUSIX ByJiKaHa Toji6aunkK 4acTo 0OHapy>KMBAaIOTCSI HOBbIE MU~
HepaJibHbIE BUJIbI, CPENM KOTOPBIX Mpeod1anatoT cyibdaTsl. B yacTHOCTH, Hallleil HaydyHOit
IPYIION YCTAaHOBJIEHBI CIELYIOLIME HOBbIE NPUPOAHBIE cybdatel: uBcUT NazH(SO,), [7], 6e-
somapuHaut KNaSO, [8], merposut Na;(CaCu,(SOy)g [9] 1 nobpoBonbckuitnut NayCa(SOy);
[10]. HauboJiee mMoJiHBIN CIMCOK HOBBIX MMHEPaJIbHBIX BUIOB, OTKPBITHIX Ha ByJKaHe Toi-
0auuk, IIpuBeaeH B padore [6].
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Puc. 1. ®ororpaduu nuiinura (ciesa) u henoroBura (crpana).

B Hacrosieit paborte 6bLI0 MCClIe0BAaHO TEPMUUECKOE TTOBEAeHUEe MUHEPAJIOB (emo-
TOBUTA Y MMUNINTA HA TOJOTUITHBIX oOpasuax [11, 12]. XuMrUIecKnii cocTaB rOJIOTUITHBIX
obOpa3moB wu3ydaics panee |[11, 12]. Dmmmpudeckas ¢opmyna ¢GemoToBUTa —
(K1465Na0_23)1_93(Cu2_852n0402Pb0.11)2.8353_05013. SMHI/IpI/IquKaH (I)OpMyJIa IMAUNKMTa C TOJI0-
TUITHOTO OOpaslla paHee OblUIa YyTOYHEHAa HEKOPPEKTHO, TMOCKOJIBKY KpUCTaJTMYecKast
CTPYKTypa MUHepasa He Obula peuieHa. B HacTosuiei padbore opMmyna nuiinura BriepBbie
ObLIa paccyMTaHa KOPPEKTHO MO UMEIOIIMMCS JaHHBIM XMMWYECKOTO aHAJIn3a, MPUBEIeH-
HbIM B [11], Kak Ky 03(Cu3 9210 67Pbg 01)4.0054.050 18 (Nag 34Cu 22)0.56(Clo.s0F0.30) 1.10-

OKCIIEPUMEHTAJIbHAA YACTb

MuHepaJibl ObUIM BIiepBble 0OHapyXeHbl Ha Bropom 1utakoBoMm KoHyce CeBepHOro mpo-
poiBa bonbioro TpemmHHoro Ton6aunHckoro nssepxeHust. OT60p roMOreHHBIX TPOO MPo-
BOAMJICS Bpy4YHYIO nion 6uHokysipoMm MBC-9. [Muitnut npeacrasisieT coO0i 1IETKOBUIHbBIE
CKOIIJIEHUST HECOBEPIIIEHHBIX KPUCTAIJIOB IJIMHHOMPU3MATUIECKOTO U UTOJIbYATOrO TabUTY-
ca. lIBeT uaMeHs1eTCSI OT UBYMPYIHO-3€JI€HOTO 10 TEMHO-3€JI€HOTI0 1 Aaxe 4YepHoro (puc. 1).
Kpucramibl MOryT 1OCTUTaTh B JUIMHY A0 3 CM, a B TTONepeYHOM ceyeHuu 1o 1 Mm. Penoto-
BUT MPEACTABJSIET COOO0Ii TIaCTUHYATBIE IO CIIOAONOI00HBIX KPUCTAILIBI 3€JI€HOIO 1IBETa C
pa3mMepoM cedyeHus 10 S MM (puc. 1).

Penmeenoga3zoeniii anasuz ipoBoauiics Ha audpakromerpe Rigaku Miniflex Il ¢ moHo-
XpoOMaTU3MpOBaHHBIM n3nydeHueM Cuky, (26 = 5°—60°, mar 0.02°, ckopocTs 2 rpag/MuH).

Tlopowkosas mepmopenmeernoepaghus MpoBoaWIACH B aTMOchepe Bo3ayxa Ha TUdpakTo-
Metrpe Rigaku Ultima IV (CuK -uznydyenue, war 0.02°, uHTepBan yrios o 26 cocTaBisii
10°—100° mrs creMkm tmitura u 10°—60° m1s1 cbemku denoroBura). TemrepaTypHbBIA WH-
TepBait coctaisut 25—600°C ¢ marom 10°C mra ¢pemorosura u 25—600°C ¢ marom 30°C mis
nuiinuTa. [TapaMeTphl JIeMEHTApHON SYeiKY TIpU KaXKI0M TeMrepaType ObLIN pacCYUTAHbI
B niporpamme Topas. @urypbl KO3(pOUILIMEHTOB TEPMUYECKOTO PACIIMPEHUST TIOCTPOEHBI C
nomMmoiiibto mporpammsbl Theta To Tensor [13].

PenmeenocmpykmypHulil anaau3 MOHOKpHUCTaJUIA TIMUITMTA BHITIOJTHEH Ha nUdpakToMeTpe
Bruker Smart APEX, ocramentnom CCD (I13C) meTeKTopoM ¢ MCII0JIb30BaHUEM MOHOXPO-
Matudeckoro MoK -u3nyueHus; mwar mo o cocrasisin 0.5, sxcrioznumst 60 c. JlanHbIe ObUTH
o6paboraHbl B mporpamMmHbIx Komruiekcax APEX u SADABS, BBeneHbI nmomnpaBku Ha dak-
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Taomuua 1. Kpucramiorpaguyeckue 1aHHbIE U YCIOBUSI 9KCITIEPUMEHTA U1l MUNITUTA

Xumunueckas Gpopmyia K4Cuy04(S04)4NaCl
Mr 221.31
CHHTOHMSI, TPOCTPAHCTBEHHAsI TpyIINna TerparonanbHas, /4
Temneparypa, K 293

a,c, A 13.626(2), 4.9592(15)
v, A3 920.8(3)

zZ 8
Nsnydyenne MoK,

w, mm~! 6.59

PasmMep kpucramia, MM 0.05 x 0.02 x 0.01
JludpakTomeTp Bruker Smart APEX
HM3mepeHHble, He3aBUCUMBbIE M Habogaemsble [/ > 36(/)] pediekchl 5282, 2613, 2400
Rint 0.018
(sin0/A) pax A1 0.918

RIF> 2(5(F2)], wR(F2), S 0.042, 0.068, 3.33
Yucno pediekcon 2613

Ywucio nmapamMeTpoB 75

Ta6muua 2. KoopauHaThl aTOMOB, 9KBUBAJICHTHbBIE TTapaMeTPhbl AaTOMHBIX CMEILIEHU I (Az) B MUIATIUTE

X y z Ueq
Cul 0.40800(3) 0.05626(3) 0.20747(17) 0.01318(9)
K1 0.80943(7) 0.12796(7) 0.2495(2) 0.0253(2)
S1 0.73475(6) —0.05770(6) —0.2686(2) 0.01411(17)
Nal 0.5 0.5 0.2634(5) 0.0138(5)
Cll1 0 0 0.2620(8) 0.0446(9)
01 0.5 0 0.4600(8) 0.0136(10)
02 0.7163(2) 0.0462(2) —0.2087(7) 0.0254(8)
03 0.8369(2) —0.0840(3) —0.2285(8) 0.0288(9)
04 0.6714(3) —0.1203(2) —0.0969(7) 0.0264(9)
05 0.7108(3) —0.0781(3) —0.5570(6) 0.0259(9)

top JlopeHiia, Tonsipu3aiio, moronieHne u GpoHoBoe uanmydyeHue. Kpucramiorpaduye-
CKHe MaHHbIe U YCIOBUS SKCIMIEPUMEHTa, KOOPIAUMHATHI aTOMOB M 9KBMBAJIEHTHBIC MapaMeT-
DPBl aTOMHBIX CMEIEHU, aHU30TPOITHbIE MapaMeTpbl aTOMHBIX CMEIIEHUIl 1 U30paHHbIe
IUTUHBI CBsI3€il IpUBeNeHbI B Ta0. 1—4.

PE3VIIBTATBI U UX OBCYXIEHUWE

Kpucmannuueckas cmpyxkmypa gpedomoseuma paciimcdpoBaHa U yTouHeHa B pabote [14].
OHa cocrout u3 cnoes Cuz(SO,);, MeXIy KOTOPBIMU PACMOJOXEHb!I KATUOHBI Kalusl. ATO-

MBI MEIU B CJIoe UMEIOT kBagpaTuuHyto CuO, 1 neHTtaroHanbHylo CuOs KOOpAMHALMM, CBSI-

3aHHBIE MEXIy CO0O0I MO0 BEPIIMHE TaK, YTO TPH MOJIUBIPA MEIU CXOIATCS B OMHOM BepIIM-
He. Caa3biBasichb 110 pedbpam ¢ SO, TeTpasnpamu, oHu o0pasytot ciiou Cus(SO,);. Hannuue
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Tabmuua 3. AHU30TPOITHBIE ITapaMeTPbl aTOMHbBIX CMELLEHU (A2) nuinura

Ull U22 U33 U12 U13 U23
Cul | 0.01477(17) | 0.01525(17) | 0.00952(15) | 0.00118(12) | —0.00071(17) 0.00010(17)
Kl 0.0190(3) 0.0291(4) 0.0278(4) | —0.0015(3) 0.0013(3) —0.0041(4)
SI 0.0125(3) 0.0181(3) 0.0117(3) 0.0020(2) | —0.0011(3) 0.0013(3)
Nal | 0.0203(7) 0.0203(7) 0.0009(9) 0 0 0
Cll | 0.0240(5) 0.0240(5) 0.086(3) 0 0 0
ol 0.017(2) 0.015(2) 0.0092(11) | 0.0009(19) 0 0
02 | 0.0225(13) | 0.0152(11) | 0.0386(17) | 0.0006(10) | —0.0039(13) 0.0000(12)
03 | 0.0206(13) | 0.0339(16) | 0.0319(16) 0.0112(11) | —0.0057(12) 0.0005(14)
04 | 0.0406(19) | 0.0178(13) | 0.0209(12) | —0.0025(13) 0.0137(13) —0.0019(11)
05 | 0.0222(14) | 0.0423(19) | 0.0132(11) 0.0107(14) 0.0006(11) 0.0007(12)

Taomuna 4. M36paHHbIe IJIUHBI CBSI3Eii (A) U OalaHC BJICHTHOCTH IS NUHANUTA

CBs3b TinHa, A BV CBs3b TivHa, A BV
Cul—O1fi 1.911(4) 0.534 | Nal—03% 2.493(5) 0.155
Cul—01 1.934(4) 0.502 | Nal—O3Xi 2.493(5) 0.155
Cul—05" 2.033(6) 0.384 | Nal—O3 2.493(5) 0.155
Cul—04i 2.055(5) 0.362 | Nal—Q3Xiil 2.493(5) 0.155
Cul—02f 2.312(5) 0.181 | Nal—ClI1* 2.460(7) 0.421
(Cul—0)s 2.05 1.96 | Nal—Cl1i 2.500(7) 0.421
K1—04il 2.752(6) 0.187 | (Nal—@)g 2.49 1.46
K1—02 2.815(5) 0.158 | S1—03 1.460(5) 1.558
K1—03Yi 2.824(6) 0.154 | S1—04 1.473(6) 1.504
K1—05Vii 2.836(6) 0.149 | S1—02 1.475(5) 1.496
K1—03vii 2.999(6) 0.096 | S1—05 1.487(6) 1.448
K1—02Y 3.182(5) 0.059 | (S1—0), 1.47 6.01
Ki1—CI1Y 3.132(2) 0.191
(K1—@), 2.93 0.99

Kompt cummerpum: (i) —x + 1, —y, z; (i) —y + 1/2,x— 1/2, z + 1/2; (iii) —y + 1/2, x — 1/2,z— 1/2; (iv) —x + I, =y, z + |;
WMx+Ly,zz(vi)x,y,z+ 1;(vi)y+1,—x+ 1,z (vii)y+ I, —x+ 1L, z+ 1;(ix) x+1/2,y+1/2,z—1/2; x) x + 1/2,
y+1/2,z+1/2; (xi)x —1/2,y + 1/2, 2+ 1/2; (xii) —x + 3/2, =y + 1/2, 2+ 1/2; (xiii) y + 1/2, —x + 3/2, 2 + 1/2;
xivyy+1/2,—x+1/2,z+ 1/2.

“OTIOJIHUTEJIBHBIX” aTOMOB KHUCJIOPOJIA, T.€. HE CBSI3aHHBIX C CEPOii, B KPUCTALIMYECKOM
CTPYKTYpe (heToTOBUTA MO3BOJISIET OMMCATh CTPYKTYPY B TEPMUHAX OKCOLIEHTPUPOBAHHBIX
MMOJU3APOB. B 3TOM cilyvae cTpyKTypa TakKe COCTOUT U3 CJI0EB, OCHOBHBIMU CTPYKTYPHBIMU
eMWHULIAMHU KOTOPBIX Hapsay c¢ TeTpasgpamu SO, sBistiorcst numepbl O,Cug, BBITSHYTHIE
BIOJIb OCU b, COCTOSIIIIME U3 CBSI3aHHBIX 110 pedpam Tetpasnpos OCuy (puc. 2).

Tepmuueckoe pacuiupenue ghedomosuma. 1o 200°C TepMuueckoe paciurpeHue ¢GenoToBu-
Ta TOAOOHO TEPMUYECKOMY PACIIUPEHUIO M3OCTPYKTYPHBIX COCOTWHEHMIA, COOTBETCTBYIO-
X MuHepaigaMm myHuHUTy Na,Cu;O0(SO,); [15] u axitopuny NaKCu;0(SOy); [16]. Tep-
MMYECKOe paclIMpeHre MOHOTOHHO BO3pAacTaeT MO BCEM TPEeM HampaBJICHUSIM, MIPU 3TOM
OHO MAaKCUMMAaJIbHO BIOJIb OCU 4, TaK KakK B IUIOCKOCTHU cb pacnosoxeHbl ciou Cus(SOy)s,
MEXXIy KOTOPbIMU HaxOAsITCS KaTUOHBI Kanust (puc. 3). B remneparypHom unrtepsaie 200—
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Puc. 2. Kpucramimyeckasi cTpykrypa (henotoButa B MpoeKUUsIX ab U ac B KATHOHOLIEHTPUPOBAHHBIX M OKCOLIEH-

TPUPOBAHHBIX ITOJIUBAPAX B COITOCTABICHUU C CCUEHUAMU (I)I/II‘yp])I TEH30pa TCPMHUYECKOI'O paClIMpPCHUA.

250°C npoucxonuT pe3Koe YMeHbIIIeHUe IapaMeTpa a, 1 3aBUCUMOCTb 00beMa OT TeMIiepa-
TYpBI BeeT cebsl TOuHO Tak Xe. ITocie Temrieparypsl 250°C mapaMeTp @ CHOBa Pe3KO BO3-
pacraer. [TapameTp b MOHOTOHHO BO3pacTaeT W HAOIIOAAETCs JIMIITb HE3HAUMTEIbHbIN TTepe-
6 npu Temrepatype 220°C. TTapameTp ¢ ke HE3HAYUTEILHO BO3pacTaeT 10 TeMIepaTyphl
200°C mociie 4ero yMeHbImaeTcsl. YTosn 3 Bo3pacraer BO BCEM TeMIIepaTypHOM WHTEpBAe,
Ho nipu Temmiepatype ~200°C MpouCXOIUT CHIIBHBII TTeperuo.

TpamummoHHO Takue IeperuObl CBI3BIBAIOT C IIpolieccaMi MOpsSaoK—Oecnopsiaok [17],
HO B TaHHOM cJTy4ae OHU MOTYT CBUIIETEILCTBOBATH O Tiepexoie denoToBUTa B CYIIEpUOHHOE
COCTOSTHYE 3a CUET MUTPAIIUM MOHOB KaJIisl B MEKCIIOEBOM IPOCTpaHCTBe. PacueT BO3MOX-
HOCTHU MUTPAILIMA MOHOB KaJIusl B KPUCTALUTMUECKON CTPYKTYPE METOAOM TEPKOJISIIUM C TIO-
MOIIIBIO TIOCTPOEHMSI KapT BAJIEHTHBIX yCuJInii B mporpamme BondStr [18], moka3bpiBaeT BO3-
MOXHOCTb MUTPallMi HWOHOB Kajus TIPU JOBOJIBHO BBICOKOW pPa3HOCTH TOTEHIIMAIOB
4.04 eV. Ilpu noBBIIIIEHUN TeMIIepaTypbl MUTPALIMSI MOHOB B (DEIOTOBUTE MOXKET IIPOUCXO-
IIUTh 3a CYET YBEJIMYEHUsI TETUIOBOTO JBUXEHUSI aTOMOB, a 3HaU€HUE DHEPTUM aKTUBALUU
TaKXKe CHIDKAETCS 3a CUET YBEJIMUEHUSI MEXCIIOEBOTO PACCTOSIHUS (YBeMYEHUE TIapaMeTpa a).
CxonHble nepernudbl HAOTIOAAETCS TAKXKe U JJIS1 UBOCTPYKTYPHBIX € (heTOTOBUTOM IMTyHUHUTA
v sBxJiopuHa [15, 16]. OnHako I 3TUX MUHEPAJIOB PE3KOT0 Iepernda Ha 3aBUCHUMOCTH Ia-
paMeTpa a OT TeMIepaTrypbl He HabOJrogaeTcsl, 1Mo BCEil BUAMMOCTU M3-3a TPUCYTCTBUS B
KPUCTAJIJIMYECKOI CTPYKTYpe 3HAYMTEIbHOIO KOJIMYeCTBAa MOHOB HATpUsl, MU30MOP(MHO 3a-
Melaromux Kanuii. Hatpuit HaMHOTro MeHbllle 110 MOHHOMY paauycy U aTOMHOM Macce, 4eM
KaJIMii, 4TO 6€3yCIIOBHO TTPUBOJIUT K CHUKEHUIO SHEPTUM aKTUBALlMM MUTPALIMM MOHOB Ha-
TPUSI OTHOCUTEJIbHO MUTPALIMM MOHOB KaJIUSI, HO M3-3a 3TOTO Xe MOXET He TaK SIpKO MPOsiB-
JISIThCSI HA 3aBUCUMOCTSIX MTapaMeTPOB 3JIEMEHTAPHOM STYEMKU OT TeMIlepaTypbl. YpaBHEHUS
anrpoKCHUMallMM TeMIlepaTypHOU 3aBUCUMOCTH MapaMeTPOB BJIEMEHTAPHOU STYeMKU U KO-
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Puc. 3. 3aBUCUMOCTH IMapaMeTPOB JIEMEHTAPHOM stueiiku (DeOTOBUTA OT TEMITEPATyPhI.

3G GOUIMEHTH TEPMUYECKOTO PacIIUPEeHUsT MPU HEKOTOPBIX TeMIlepaTypax NMPUBEICHBI B

TabI1. 3, 6.

Kpucrammnueckasi CTpyKTypa NuiinuTa Oblia BIIEpBblE YTOYHEHa Ha oOpaslie, oOHapy-
>KEHHOM Ha ByJjikaHe BesyBuii [19], a HaMu OHa GblIa YTOYHEHA Ha TOJIOTUITHOM OOpaslie.
OHa COCTOUT U3 BBITSIHYTBIX BIOJIb OcU ¢ Lenodek Cu,0(S0,),, COCTOSIIIMX U3 CBI3aHHBIX

o pe6paM u BepimirHaM noau3apoB CuOs, KOTOpble COEAMHEHBI TaKxXe TeTpasgpaMu SO,
(puc. 4). DTy 11eNOYKY YA00HEee ONMUChIBaTh B TEPMUHAX OKCOLIEHTPUPOBAHHBIX MOJIM3IPOB,

Tabmmua 5. YpaBHeHUs anMpOKCUMALUM TEMIIEPATypPHO 3aBUCMMOCTU MapaMeTPOB JIEMEHTapHOMI
syeiiku henoToBUTa U MUKANUTA

Coente- VYpaBuenue I(t) = Iy + [;t + 12t2
Hme a(t) (A) b(t) (A) et (A) B(#) (rpan) o) (A3
Hnurepsan 25-200 °C
®enotosur | 19.098(3) + 9.491(1) + 14.278(1)+ 110.899(2)— 2418.58(6)+
+0.00019(3)¢ +_ | +0.00006(2)z+ | +0.00006(2)t— | — 0.0006(1)¢ +0.018(1)¢ —
+0.0000009(2)7 | + 0.0000003(1)2 |— 0.00000005(1)7 — 0.00031(5)#
Wnrepsan 325-575°C
19.040(5) + 9.509(1) — 14.297(2) — 111.408(8) — 2433.71(7) —
+0.000151(2)7 +_| — 0.000042(7)¢+ | — 0.000071(1)¢+ | —0.00004(1)r | —0.112(3)t+
+0.00000029(2)#| + 0.00000028(1)/| + 0.00000005( 1) +0.00024(4)7
HWnutepBan 30—450
Muiinur 13.568(6) + 4.954(4) + 912.0(1) +
+0.00063(6)t + +0.00013(4)¢ — +0.11(1) £+
+0.0000005(1)7 — 0.00000007(7)7 +0.0006(3)2
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Tab6auua 6. [T1aBHbIe 3HAYEHMSI TEH30pa TEPMUYECKOT0 pacliupeHust (eT0TOBUTA MPU HEKOTOPBIX TEM-
rneparypax

Temmneparypa, °C
o (107%°C™1)
25 125 225 325 425 575

op* 17.91(6) 20.61(2) 23.71(5) 18.49(4) 21.53(8) 26.11(2)
Oy = Oy 12.21(4) 12.7109) 13.22(3) 15.01(4) 20.92(8) 29.72(2)
o;33* 4.51(2) 0.33(2) —4.26(9) —2.91(7) —2.24(9) —1.25(8)
U3 =Z(033,¢) (°)]  33.1 245 20.5 9.6 9.7 9.8

op 4.61(1) 4.61(1) 4.61(1) —0.39(2) —0.39(2) —0.39(2)
oy 34.6(9) 33.6(3) 32.609) 30.6(4) 40.2(1) 54.5(4)

*0L1 | ¥ 0l33 — HAMOOMBLINIT U HAMMEHBIINI KO3(PMULMEHTHI TEPMUYECKOTO PACIIMPEHMS] B MOHOKIMHHBIX KPUCTALIaX.

YTO JOIMYCTUMO M3-3a HAJIMYUS He CBA3aHHBIX C CEPOIi aTOMOB KHCJIOPOJa B KpUCTAJIIUYC-
ckoit ctpykrype. B coorBerctBuu ¢ [20], 310 nenouka OCu,, cocrosimasi U3 TeTpasapoB
OCuy, COEIMHEHHBIX MOCAEI0BATEIbHO TAKUM 00pa30M, UTO MOAEIEHHBIE pedpa HaxXonTCs
B MpaHc-TIONIOXKEHNUH, T.€. He UMEIOT 00INX BepiirH. [Togqo6GHbIe IIEMOYKM YacToO BCTpeya-
IOTCSI B MUHEpaJlax BYyJIKaHWYECKUX IKCTAISILIUI, TAKMX KaK KOMAapCUT, KJIIOUEBCKUT U aJlio-
MOKJTIOUEBCKUT. MexXy 1iernoykaMuy pacrnosaraiTces meyiouHbie MeTayuibl (K 1 Na), a Takke
WOHBI XJ10pa, Kotopbie hopmupytoT noiuanpsl NaO,Cl, 1 KO¢Cl ¢ mnmuHamu cBsizeii 2.46—
2.50 u 2.75—3.18 A coOTBeTCTBEHHO.

Tepmuueckoe pacuipeHue nuiinura usydaioch padee [21]. KoadduimeHTb TepMUIECcKOro
paciMpeHust ObUTM allpPOKCUMUPOBAHbI MOJIMHOMAaMU BTOPOIl CTEMeHU: O, = 47.2 X 1076 +
+53.0 X 107%, o, = 16.3 x 1076, 0t = 105.2 x 1076 + 129 x 10~°¢. ITo onmucanuio, TepMude-

CKOE€ PACIIMPEHNE BIOJIb OCHU ¢ IPUOIU3HUTEBHO B TPU pa3a MEHBIIE, YeM B TUIOCKOCTH ab,
YTO OOBSICHSIIOCH pacnoyiokeHueM Lenouek Cu,O(S0,), BOOJb OCH c.

HoBble maHHBIE TTOATBEpOWIN ITOJIydYeHHBIE paHee pe3yibTarhbl (puc. 5). IToCKOIBKY B
CTPYKTYpE €CTh aTOMbI KMCJIOPOJa HE CBSI3aHHBIE C CEPOI1, TO €€ MOXHO OTMCATh B TEPMUHAX
OKCOLIEHTPUPOBAHHbBIX MOIU31PpoB. Kak roBopuiioch Bblllie, B KPUCTATUIMYECKOM CTPYKTYpe
NUANUTA MOXHO BBIIEJIUTb OKCOLEHTPUPOBaHHbIe Lienouku OCu,, cocTosiiye U3 CBsi3aH-
HBIX 110 pedpy nonusapoB OCuy, BEITSHYTbIE BAOJIb OCU ¢. Hainune Takux MpOYHBIX LENO-
YyeK, CBSI3aHHBIX [0 pedpam, 6€3yCITOBHO TaKXKe OOBSICHSIET, TOYEMY TEPMUUYECKOE paciliupe-
HYE BIOJIb IJIABHOTO HAMpaBieHUs (OCH ¢) B TPU pa3a MEeHbIIIe, YeM TepIeHIUKYJISIPHO K He-
My. Takum o00Opa3oM, OKCOUEHTPUPOBAHHBINA TMOAXOA K OINMMUCAHUIO KPUCTAJUTUYECKOMN
CTPYKTYpPbI TUAMNTA BO3MOXHO SIBJISIETCS Aaxe 0oJiee HAMISIAHBIM, YeM KaTUOHOLIEHTPUPO-
BaHHBII C TOYKU 3pEHUS MPOYHOCTHBIX (hU3NYeCKUX CBOUCTB. He3HauuTenbHbIe Neperuobl
Ha 3aBUCUMOCTSIX ITapaMeTPOB 3JIeMeHTapHOM stueiiku npu Temneparype 180°C rakxke MOTyT
CBUJIETEILCTBOBATh O MUTPALIMM MOHOB KaJlvsl TIPU MTOBBIIIIEHUM TeMreparypbl. PacueT Bo3-
MOXXHOCTU MUTPAIIUU NOHOB KJIUS B KPUCTA/UIMYECKON CTPYKTYpPE MUMIIUTA METOJIOM Tep-
KOJISILIAM C TIOMOIIBIO ITOCTPOSHMSI KapT BaJCHTHBIX yCUIMiA B IporpamMe BondStr [18], mo-
Ka3bIBaeT BO3MOXKHOCTb MUTPAIIMU MOHOB KaJus MpU pa3HOCTHU MoTeHIHaaoB 1.47 eV, uto
JleJlaeT 3TOT MUHEPal MEePCIEeKTUBHBIM TBEPAOTEIbHBIM JIEKTPOJIUTOM, & YUYUTHIBASI HAJIU-
4ue B CTPYKTYpe IMepexoqHoro Metamia Cu?t, To BO3MOXKHO M MEPCIEKTUBHOTO KATOTHOTO
Marepuaia st K-MoHHBIX aKKyMyasiTopoB. [TapaMeTphl annmpoKcuMaiuu TeMIepaTypHOM
3aBUCHMOCTHU TTapaMeTPOB BJIEMEHTAPHOMN STUSUKU ISl MANIIUTA U KO3MDOUIIMEHTB TepMU-
YeCKOro paclIMpeHUs IpU HEKOTOPBIX TeEMIIepaTypax MpuBeaeHbI B Ta0I. 5, 7.
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Puc. 4. Kpucrajuinyeckasi CTpyKTypa nuitnura: (@) — B NPOEKUMH ab B TePMHUHAX KaTHOHOLIECHTPUPOBAaHHbBIX
(ceBa) ¥ OKCOLEHTPUPOBAHHBIX (CrpaBa) MoJU3apPoB, (6) — uenouku CuyO(SOy)) B KATHOHOLUEHTPUPOBAHHBIX 1

OKCOILICHTPUPOBAHHBIX MOJUBAPAX, (6) — uUrypa TeH30pa TEepPMUUYECKOTO paciiupeHust mpu temreparype 300°C.

PesynbTaThl ncciienoBaHW TakKXKe MOATBEPAMIIN BhISIBJIEHHbBIN paHbIlIe TTepexo/l MUinuTa
B Apyryio ¢a3y rpu temiiepatype 450°C uepes nByxdaszHyio 00JIaCTh, TIPEAILIECTBY IO IO~
SIBJICHUIO Ha audpakTorpaMmme nmukoB ¢dassl TeHoputa CuO. Ho moctoBepHO yCTaHOBUTD,
SABJIsIeTC U 9Ta (haza rmoauMopdHoit MonuduKanuen uin dazaMu pasaioXeHUs TUUIIUTa
He yJajioch. DTa pabora OyAeT IIpomoLKeHa.
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Puc. 5. 3aBUCHMMOCTH ITapaMeTPOB JIEMEHTAPHON STYEHKM MUIATNINTA OT TEMIIEPaTypPhI.

Ta6smna 7. [1aBHbIE 3HAYEHUST TEH30pa TEPMUYECKOTO PACIIIMPEHUS IIMIATIATA ITPU HEKOTOPBIX TEMIIE-
patypax

Temmneparypa, °C
o (107%°C1)
30 100 200 300 400
o, 48.2(4) 52.9(3) 59.5(1) 66.0(2) 72.4(3)
o, 25.7(2) 23.7(4) 20.9(2) 18.1(2) 15.2(5)
oy 122(4) 129.6(9) 140.0(4) 150.1(6) 160.0(9)
3AKJIFOYUEHUE

B Hacrosiieit paboTe BriepBble U3MEPEHO TEPMUYECKOE pacliupeHrne MuHepana ¢henoro-
BUTAa U NpHBeIeHa ero TpakrtoBka. o temnepatypsl 200°C cTpyKTypa MMeeT HauOoJIbllee
paclIMpeHue BOOJIb OCU d, MEPNEHAUKYISIPHO IutockocTu cnoeB Cus(SOy)s. [locne yero B
TemrepatypHoM uHTepBane 200—250°C HaGmiogaloTcst O00JIblie Mepernobl Ha 3aBUCHMO-
CTSIX TTapaMEeTPOB 3JIEMEHTAPHOM STYEMKU OT TeMIlepaTypbl, BbI3BAHHBIE, 10 BCE BUANMO-
CTU, MUTpaLIMEel MOHOB KaJlus B MEXCJIOEBOM MPOCTPaHCTBE. BrIlie 3TOit TeMmeparypsbl
MaKCUMaJIbHOE pacIIUpeHre TaK Xe MPOUCXOAUT BAOJb OCU @, TO €CTh MEPIEeHAUKYISIPHO
miockocty cnoeB Cus(SOy);.
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BrniepBbie yTouHeHa KpucTajaaudeckasi CTpyKTypa roJIOTUIIHOTO obOpasua nuidnura, a
Takxe BIEPBBIC KOPPEKTHO  paccuuTaHa €ero  SMIupuyeckas  dopmynia
K4.03(Cu3.92Z1n0,67Pby 01)2.0054.05018"(Nag 34Cug.22)0.56(Clo.s0Fo.30) 1.10- MiccnenoBanme repmu-
YECKOIo paclliMpeHursl MOATBEPAUIO B OOIIMX YepTax MoJydYeHHbIe paHee pe3yabTaThl [21].
PaciivpeHnue B1ojib 0cu ¢ MpUOIU3UTENBLHO B TPU pasa MpeBbIIIAeT PaCIIMPEHUE B TNIOCKO-
CTU ab, 3a cyeT TOro, YTO B 3TOM HalpaBJIeHUU pacrnonaratorcs nenouku Cu,0(SOy),. Ecaun
paccMaTpuBaTh KPUCTAJUTMYECKYIO CTPYKTYPY B OKCOLIEHTPUPOBAHHOM TIOAXOJE, TO B IaH-
HOM HallpaBJIeHUU pacIiojaraloTcsl IPOYHbIe OKCOLIEHTpUpoBaHHbIe Lienouku OCu,, cocTo-
SIME U3 CBA3aHHBIX MO pedpy noansnpoB OCuy,, YTO TakKe OOBSICHSIET TaKyl0 aHU30TPO-
MU0 TEPMUYECKOTO paCITUPEHUS.

Pa6ora BbITTONTHEeHa Tipy Tomaepkke rpaHta PH® Ne 21-77-00069. PentreHorpaduye-
CKHe McCaeaoBaHusI ObUIY poBeneHbl B pecypcHoM 1ieHTpe CIIOIY “Penrrenonndpaxiim-
OHHbIE METO/Ibl UCCIIEAOBAHUS .
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