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@A, BRUOY A +RIER (—H3TNAB206)
D2 BARICABITE, BY A MRIBERIZSUICOY A MRIBEIZMEINTLVENB],
BOAY o FBXUVOY A LTEL, BYA FESTICOY FTECRBNVBRISESES
DRBER/UDIITRBESNTINVS, TEDOB. Figure 1-6ICTUELSIC/Sr OI0F7
EREOEBIEBOs/\BADRY FD—IH R L THD. CBEOODEEESUICA
U1 h A AV ERBROBBHERICHU L TCHEDBSLTIVENED, AV R ZAIEDS
UICO1 AV >RIBLOTNESRBEINTUVBI35], RIBELD/ S O 0 PRUSEM Y &~
L TIdPb2Ru20e6.5 [36], TI2Nb20s [371, Ag2Sb20s6 [38], Bi2Scz0s3, BiNizOs, BizCo2063 1)
Bi2Y20s [39] 2 CHRESINTVD, TNBRIBE D/ r O 0 PRERIEYIEAGSb206

DBIERS & AYA 1A YDPEYT, sn® BRT TIF N s EIUER R EB O« 2 VD
BEICRSNTNS T ENDND, CNSIIEFUER D1 ZYESH/C OO PR
ERIEMOD TP EZBEORBMT TIRRT IMESBAROT 2 ~EEEIEND
ZTURLEHET B, |

|




1—2—4 BESDBNROATRADA F*J%EE%HB%O)%LJS('J%/\‘(DDD"’”%EE%E%G)
HEDHE
(1) BESDNROTR N FEERENODE
—425,Pb(BBN0s TREND—EDNRO T AN ~EHEE LI Smolenskiis [40-43],
Bokovd [44]B K UFilip'evs [45][C K > THREINE., CNHSDOEBLBFEEICTUTHE
BRGBETRL. BERCABREIKGEENRSNSD(Figure 1-10)C ED SEBAIEFESHE
(Relaxon EIENTUVD, TNSDMRIEBaTIODSITIOsRD EE/NLEEERZR D L.
1000~1200CEVVDENVERIBEE TESRTEDEVNDBHEBT I . SBEER.
EFERRIUVEBRE U THEERANLLSBEINTIVD, CNOSDIMESTBNROTRN

£ FEUEEREMIZB R KUB' DA 7 Y DI OMBHSHE D SPbB 188° 25)0s,

Pb(82+1/286+1/2)03 Pb(B3+1/285+1/2)03 Pb(Bs+2/3B 1/3)03M 4 FERECDEETED, Ch
SORENBIESYETable1-2[ BB T D, Table 1-2[CRUEZ DEFNEFESEDOPT
Pb(Mg1/3Nb2/2)0z (PMN)(S AR EBI TH D RRISMADRIRF SN TLVS[46-49],

(2) $BESDNROT AN FREBEMBERBROENK

MESHROT AN FRERIEMOEEREEBRDPLOEDI SV IREFTDITLICLK
DESIVYRPTLHENBEICERTED, COEHTNSOROBEFRISIBRACER
ENTERE, BIZIE. PMNOEIESIEBonners [50], Afanas'evo [51]335:0Petrovskub’
[521IC kT, Pb(Sci2Nb1/2)03 (PSN)DEfERILFesenkoS [63]18 K USmotrakovs [54]
[CK>TEBRESNTND, FE. BIHREOFESAHETIEREND, PZTOEG&E[SClarke 5
(5518 K UEremkins [56]IC k> T, PTE8#ESIISuchicitals [57][CK > TERSN TN
B, LHULEDS., TNS5DZLDIMEDD THEROBE BELStry and errorlC KD FEER
HICRHDENTNDEDHB), 2T T BRBOERRHESENCRETDILEHICE
BOTAZANTEHE TBIROT RN FERER{EY EPbODEE 2 FTTRORER DR
RERELTNBHEER SN D, Brunskils [58, 59lld CDFFHEERNT
Pb(Fe1/2Nb1/2)3-PbO (PFN-PbO)F 3 &K UPb(Mn1/2Nb1/2)03-PbO (PMnN-PbO)RDIEIBIRE
K¥IZ (Figure 1-11@QBKITD).. REMEBIEFESA THBIPMNRICDNWTIIRERIC
Yeb [6O)IRIBIREREL T VD(Figure 1-12), HSRBIERLUERBIRICEEDNWTRE
DARBEDERSOBREREL TND,



(3) BESHNROTIN FRERIEYIDLS S

Table 1-2IC R UTZRR DIBFIBESHED RO RO TN SEUEEEYD S5, PMN
DigSBEICEL TR>ZORSHNESNB[61-68], PMNIZIIFENONOT AN ~
EREEC > TNBICEDDDSFTDXRDICB< DESRITBENEINTNBOHE.
12V DRFUBESEEEPMIMDBHUBHSERMLTNREEZSNTNIEDT
BB

BH. BWESVRAVFSROBSBEICBEL T, FhoL> SERNEERDSE
SZDWRMANC. BY 1 FORE - Bl FIREICIBLUTHBNEERADSEES XD
WRBBLTONTVDI69-86], DK SEERNFESEMBRNEESEEUSH
DIZWHICProuzet 5 (871ZEXAFSE RV TPMND B E DRI &5 > TS,

(4) BESDBROTZNA FERERIEMORICHIT B/ 1 020 PRIERIEOMR

N1 DD OPEAERHEMIDMERIC DUV THEPD-Ma-Nb-ORICEEL TE< OHEFLRS
13, Adrainova’ [88][3BERDD S/ 070 PEERIEMOSEESOERICRTIL.
T OBLIFPb2Mgo.22Nb18707 CTH D 12 EEL TIND, COMBRIZEE.
Pb1.83Mgo.20Nb1.7106.30 E EREC TE D, Shroutd [89)IZ T DR ERZD/S1 OO T
ERBRICMORBHEBEETENL. XX BEFF—IESUICEESHERES LT
WD, —73, Goo5s [90liE IOV /N1 MEERNSBEE. BEEPDO, MgOd KUND20s
ZRE59 32 DOBIEETPMNOBRAESHRUEE TS, WFNOFE E E12v01%0
N ODTOPREBRIEMDER L. FEBEEER—THECEEREL TS, Goo
SEFEEZ. BEREFEMBEANT. PEIL I 7ZOPOODV 1 v D ADCRFHED .
BREUIZ/ M OV OPRERCNIEEC EEHRL, ITILF—D8E xgomee )
EDS)DBEEM THRE DN ERT > 12 & T BHMIEPb225Mgo.27ND1.7907 TH S 1= &30
LTS, BRRDTASRIIChenS [91]D & > TEFHNTIVED,. ChenSISHIEELEPMN
ﬁ%%@%@t%%oﬁﬂfDDDP@@@%%ﬁE%@Eﬁ@U\ﬁﬁﬁﬁ@Xﬁﬁﬁ
%E(WDS)E%L\T%}WDE?&H&HszMgozst.7506.625?35DEC‘Z%E%L/TM%O D
KDICPb-Mg-Nb-OFRICHIT B/ 00 PEEBIEMOMBRIC DNV TIEIB < OHREIC
ROBROEDBESIN TS,
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(5) /S O OPRERMORE

ESHROT RO FRERICTHRENEC SR, ERUELSCHENOSRESIC
3¢ O OPEERICND UL URERLOT < [02-94], FIEADTRNA HEHERRIE
B IRUEBRICE/ S O OPRERIENMIMERT B 951E 1SR THD. 1BIC
PMNORIE DN TIIKMB[95]IC KD, MOBRGITHETHD, MOMUTERLE
15+ O O PREBRIEMEPOODREKIDPTPZ—IITBDENROT AN FEOPMNICRES
CEDESHCENTNS,

COESBREDED, WESHROTZNA FERERIENICET BHETREIROTZ
N1 FRERENOESETEREMOBR X SEREHICHT 8RR (ROT2DA
RTlA10), /X OJ0PTRA1) OBREEBNTUFOR TEMNICRTIBC L
PENNTNS,

I(Perovskite(110))
~ I(Perovskite(110) + I(Pyrochlore(111))

Perovskite% = x 100 (1-1)

LingS [96](abe(B 188" 23)03 BLU Pb(B® *12B° 1/2)0slC st L T Perovskite%ld 1 7>/
DB EDEICE > TAEL BT BT EETRURE,

Perovskite%ld Z . HBDESRISHICE > TEAZL BT BT EMSMENTINS,
BIZ [ZPMNDISE [C B8 CHBESR T BEERDPLO, MgO7E 5TUITNb0s £ B
CRETBEMLBO/ OVOPREREMIBERL CLEVEREEERLEETE
Perovskite%|468~76%F2REIC & &% B [97], Perovskite%lIMgOLTBRICHENT BT EIC
KDBVDHESNDDZNTEBNENSIRIRETH D [97]. TNICHLTEIFROTR
14 FOBY A FESE T BMgENDEDSH UHRIGEE TMgND20s (I0/NA 1)

BRL. CTNEPLOERIGE B E100% DPerovskiteHNERK TES (IO b+
) [97], TOEDICIOVINA REERNBCEICKD /N OOOPRERIEMOERR
EHHITEZREEC DFEIC &£ DPOENDOsE DBIRWERGEMHTES (PhOE
Nb2Os MR D& /31 07O PREBIEMDIERL TUED) EHTHIEFHBEINT
W3, LOUBHSIOV/NA FEEPMNEBOSRICT L TN T L BMERFETIS

1&WY, Chaputs [98]lé:Mg[Nb(OEt)e]zCPb40(O‘Pr)eifilélpb(OtBu)zéﬁﬂ*ﬂC‘: Ly Y -
TIVEERWTEEPMNOSHICHIILTIVS, . &5 [99]lEPb, Mg, NoEZ S
BERNE U TEERDIEIC K> TPMNEEDERERSL TS,

PMNIZ RO K S ICBEETERO T RN FREREMHESHTE, JO0VNT
BOLSBFHERNBCELCKDBROSRETEETHSD, CNICHLT
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o

Pb(Zn1/3Nbz/3)03 (PZN)fa*PMNODMg’é':anL_Eé?ﬁbT7“(')”'('?5%73‘ NOT 2D+ R \

e300/ FERERNWTER2<ERLE JEUY[100], ESICPZNIZVILSILSEERL)
CERERHTEEIAROT I F”J@Eﬁfb%faﬁﬁb 2UV[01), ETADPZNIZ
W@@jiWOZ@DBH%%ECUT%@E%&T%%MmoiEAPﬂ@%ﬂfhi
ZigBt o b@—%ﬂ’&f@@ﬁ%ﬁ’@%@@ét/\"m?zm—r FREBIEMDERTBENDS
BHZERDM02],

—E\mﬂmumwwwammunmHﬁﬁ%&ﬁ%@%ﬂﬂ?&D\%B s £
BAMBEUTEL<HBINTINDS, CNOSDWMEEAT 1 FESMDEELTNBAD
TANA FEERIENTH S, L/Z)‘L/7J;7D“5Cnaélﬁlmiﬁﬁéﬁﬁﬁéﬁ%tlg/wDUD
PEERCMEL<ERET, B BEAROTZH FREERIEMDIERT B, ECB3DTh
b@%ﬂﬁ’e‘:]/bQ%KDCVD%TDJ&?%B&UJ UIREUIE/ S OO O P BYER b e 5y
g%ptﬁﬁiéﬂTM%Fm3me§T'Pbﬁézﬂbjlémmlﬁbfﬁ s b
‘e‘éﬁ“h.la@f)b?PZG)ijCP?’J‘béE@“szTIzOe B DD/ r Q0 O PERERRE
DB U, SHICREEFITBEZ0IES WIBEOROT N bR EEDIC BT
IRIEHBEETN TS [107],

i

1—2—5 ND?ZE{hthDDDP@%%E%?%H%@H%
(1) BRENICKLBEE1L

1—2—3 T—#xXAB206E15D/5r 070 PEREBRAEYDIFIE (Bi2Sc206, BioNizOe,
Bi2C0206 83 KL UBi2Y206) & N /21,  Tomashpol'skiis [39)[E TN 5IF600~750°CHERE
“C60~70kbarONE T TIIAROTZHA ~EERMEMICIREB T B S EBESHICLE,
LDOULEDS, AszOsd)‘ﬁHl:jZ’a’:ED'é'/\Td)/\'rD9D7m%§ﬁa1b¢7/}73‘2@“bﬁm
TROTRA +RYUCHREB LS SV ED'AG2Sh206 DR THREZIN TS [38],

Tomashpol'skii> (3=, KSE ER TR/ OO O PRSI AR T B EDERT
%732(/\Pb(Ni1/2W1/2)0336‘d:UPb(Gauszvz)OsﬁH@Z’é‘B’_‘)/\"D72731’ ~RERIEDS
ETCRERTEDT CEBSHIC UL Figure 1-19), CHERBOREE 1 — 2 — 4 ¢
BNIZPZNDFR TERESN TS (Figure 1- -14) [108]. TNSOBEMDRISEAKDE(L
THBESNTNB, FEH5, N ODO0POBEAY 1 1 7 > oBehIZs, NOoZ7
ADA l‘@@ﬁaf\lﬁlﬁmf&ﬁ%b‘*ﬂ&“l;m 'FTB’EB{H@Z)‘I*DU§L5UJT/\D7273’1’ +
DERT BHEEIN TS [109],
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(2) e
KOT2AA ~ETH 00O PRERIEOBRE SR BEDESD S8EUERRE

WIEOD, BESDEREBEOZ TELNGS [96]1PbB" 128”1208 KU

Pb(B° 2B 2R)0sDRICDONTARO T 2N FEIEE b & tET B/ OO PRE

A LMD FERZ LB U (Figure 1-15), BFERDLE.
a (pyrochlore)/ a (perovskite)[d[FE—EEET I CEEESHIC UIE(Table 1-3),

(3) BFRIXRILF—
- pannetier [110]ldA2B20sf8 EED /N1 OO0 O P EABOMK EZEDONROT 2 HT B

EEREMC DN TIRREIRILF—ESHEUE, PanneterldA® 2B 2068, A% 2B 206!

BEUA 2B 206H T DUNVT/ X 00 O PRIERIEYIDASIDBEDX/ V5 X —F BELE
HTBFIRIVF—EFTE UL (Figure 1-16), ESIRINROT RN L&/ O20P DM
BEICRIBIBFIRIF—FRBNEL XIS X—-IDNEWBSICEROTR AT =
BN, BXINSA-IBFRZNVESICIE/NNAOVO0PERNIRIVF—NICEETHDC
EERSLTND,
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Fig. 1-1 Concept of this work.
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(a) X=0.3125 (b) X=0.375
Coordination around B Coordination around A
becomes regular octahedra becomes regular cube

Figure 1-2 Change in shape of coordination polyhedra of A and B ions
with 48f oxygen parameter X in A2B2060' structure
(After Faucher et al. [1]).
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Figure 1-3 Two kinds of octants in pyrochlore structure
(After Galasso et al. [4]).
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@ O'(8b)
® A(16d) !
Figure 1-4 Shape of scaleno hedra (After McCauley et al. [5]).

O 04s8f) |
® B(160)
Figure 1-5 Shape of trigonal antiprisms (After McCauley et al. [5]).
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Figure 1-7 Pyrochlore structure based on hexagonal tungsten bronz layer
(After Nyman et al. [7]).
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Figure 1-8 Stability field map of pyrochlores for (A) A3*2B4*207 and
(B) A2+2B5*207 type (After Subramanian et al. [8]).
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Figure 1-9 Weberite structure [11].
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Figure 1-10 Frequency dependence of dielectric constant
of relaxor ferroelectric materials (Pb(Mg1/3Nb2/3)O3) [111].
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Figure 1-11 Pseud-binary (a)Pb(Fe1/2Nb1/2)O3-PbO (PFN-PbO)and
(b)Pb(Mn1/2Nb1/2)O3-PbO (PMnN-PbO) phase diagram
(after Brunskill et al. [59]).
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Figure 1-12 Pseud-binary (a)Pb(Mg1/3Nb1/2)O3-PbO (PMN-PbO)
phase diagram (after Ye et al. [60]).
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Figure 1-13 Relationship between perovskite % and pressure of

Pb(Gai1/2Nb1/2)O3 at 700-900°C (After Tomashpol'skii et al. [39]).
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Figure 1-1 4 P-T conditions for formation of perovskite type Pb(Zn1/3Nbz2/3)O3 from
mixture with composition 3PbO + ZnO - Nb20s (After Matsuo et al. [108]).
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Figure 1-15 Change of lattice parameter of perovskite and pyrochlore type
compounds with average ionic radii of B site cations / nm
(after Ling et al. [96]).
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Table1-1 Atomic coordinates of pyrochlore structure and
inter atomic distances.

[Atomic coordinates]

Ion Location Site Symm. Coordinates
| (0,0,0; 0,1/2,1/2; 1/2,0,1/2; 1/2,172,0)+
A 16d 3m(D3d) 1/2,1/2,1/2; 1/2,1/4,1/4; 1/4,1/2,1/4; 1/4,1/4,1/2
B 16c 3m(D3d)  0,0,0; 0.1/4,1/4; 1/4,0,1/4; 1/4,1/4,0
@) 48f mm(C2v)  x,1/8,1/8; x,7/8,7/8; 1/4-x,1/8,1/8; 3/4+x,7/8,7/8

1/8x,1/8; 7/8.x,7/8; 1/8.1/4-x,1/8; 7/8,3/4+x,7/8
1/8,1/8,x; 7/8,7/8 x; 1/8,1/8,1/4-x; 7/8,7/8,3/4+x
0} 8b Bm(Td)  3/8,3/8,3/8: 5/8,5/8,5/8

[Inter atomic Distances]

d(A—A):d(A—B):d(B—B):QZQ

d(B—O):a\/(X—Zli)2+—3-1§

dA-0") = 2;/3_5_

d(A—O):a\/(X —%)2+3l2
d(o-o')za(g--X)

d(O—O)I:a\/Z(X;%)ZT%
d(0-0)y=a(X - 1)
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Table 1-2 Some of Pb containing perovskite type compounds.

Dielectic property Ref.

Pb(B*' 13B° ' 2/3)03 type

Pb(Mg13Nb23)03 Relaxor-F 40
Pb(Zn13Nb23)O3 ~ Relaxor-F 44
Pb(Ni13Nb2/3)03 Relaxor-F 40
Pb(Co13Nb2/3)O3 Relaxor-F 44
Pb(B2+ 1/2B6+1/2)03 type

Pb(Mg12W1,2)O3 AF 42
Pb(Co012W1,2)03 AF,F 45
Pb(B3+1/2B5+1/2)03 type

Pb(Sc1/2Nb1,2)0O3 Normal/Relaxor-F 43
Pb(Fe1/2Nb1/2) O3 Normal-F 41
Pb(Yb12Nb1/2)O3 AF 45
Pb(Sc1/2Ta12)O3 ' Normal/Relaxor-F 42
Pb(Fe12Ta12)03 Relaxor-F
Pb(B3+2/3B6+1/3)03 type

Pb(Fe23W13)O3 Relaxor-F 42
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Table 1-3 Lattice parameters of the pyrochlore and perovskite type
compounds in compositions Pb(B'xB"1x)Oz
(After Ling et al. [96]).

-
P

NE
.

a(nm)
nominal composition ?g;”zg;l lore ?:pr;:)s kite apyro/apero
Pb(Mg13Nb23)03 1.0611 0.4047 2.6219
Pb(Ni13Nb23)03 1.0591 0.4030 2.6280
Pb(Zn13Nb23)03 1.0611 0.4040 T 2.6265
Pb(Fe13Nb23)03 1.0578 0.4014 2.6353
Pb(Mn13Nb23)03 1.0589 0.4024 2.6315
Pb(Mg13Ta23)03 1.0603 0.4040 2.6245
Pb(Co1/3Ta23)03 1.0595 0.4040 2.6225
Pb(Fe13Taz3)03 1.0559 0.4008 2.6345
Pb(Mn15Taz3)03 1.0568 0.4024 2.6262

Pb(Fe12Tai12)03 1.0575 0.4008 2.6385
T Single crystal data '
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BROFHB TCeO2BKUSNO2VEB U, HIT. Catf2zmol%sM DRI IZ 850 VKA
BOE—IHEHIRL. 24mol%l)d EH 5ECaSn0sDE—I BB SN, &L TSN50mol%
DEFRHDSETNERTEEBEI”/OSNED OZ, TNBOCTEKD, Ca-Ce-Sn-0FD
FESYDEBMERRILRE 1 7 >/t TCa:Ce:Sn=X:(1-X):1,0.35 =X < 0.43DEEIDUNTD
HEENBEHDHD oE, —F. Sr-Ce-Sn-ORI(C DN TIIFigure2-8{Z1450°CICRITD
R EERBOBRETRULED. FEEMOEBIL/ VY FHE TSn50moi%,CeCadil
H'50mol%MER L (CHBLYTSIHM7.5~18.0mol%DRBHC DNTOHBSNE, SIF
17.5mol%A T OFRB TIE. 17mol%edDii B TCeOEB UIE, EIE. Srb¥18.5mol%lM E
DR TSISNODE =T BB SNTZ, TNODTEKD, Sr-Ce-Sn-ORDFLEMDE
HBIZEE Z >/ LTS Ce:Sn=X:(1-X):1,0.345 X =0.365DEHEIC DIV TDHBSNBD L
O o7z,

2—5—2 {b3EOuE

BONEEBORIECCe-SN-0FK, Sr-Ce-Sn-ORELBICCaBKUSIBEE EEICEREE
~BRERE~EBEZUE, BRODMWERTENWTNORTERROBEERETH
JZ, Ca-Ce-Sn-OFMEMFHBICDUIVTIK, FK, BHKXUIREHCI, H2S04, HNOs,
CH3COOH,E7K, NHaKBRICA T DIEEMREREZR/NCZLCS. MR XRICIDEHR
TIHEERNLZEHOREBORIE TEILEROSNED oZ, UHULEHDS, ERRER TN
BUERBICDOWTESHEOBHIBERELSSTERBICEILL. MR XROFEETE
BEMOIETE, BICEA (20104000 CuKalM ) OB —D(ICHTHSDEDIIE
DHoNE, COTEDS, Ca-Ce-Sn-ORDEEHBUIILERNICHEDZETHDCE
DHbolz,

2—5—3 JTHROMW :
Ca-Ce-Sn-ORMDX=0.4BKUX=0.4202DDEEHABUCKT L T, DRLUESTROEE
J\— Y FEmOlttEZNZN/N Y FHBE LB L TTable 23057 T, BB 2 VEEHEX
RICKD, BREFLECOUTIRDBEDB[/ TROE, /V\y FHEKICHIT IER=L.
BREDOMOEUISNDZENDISBTHDEREL TEBUIE, %ﬁ%d)moltbl‘otsm)_molﬁl
Z 200EEELUTEIELRE, Table 2-3[CRUREELDIC. DHFUIZCanEId/ N FHEKIC
INTEFZL, Ce.SnDER/\Ny FHBRICENTETVRMEC L TROSNEZE, TD
BRIESNO2B KU CeC2DMN P DRI D, HAXBOMDREICKDCENEZLN
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B, BBOBREEMTOLIICEZSNSD, SnOAdER THREICSNO(gas) & O fiZgk g
%, 1000~1900KDREHE TIE. TDSNO20EREICHESTHEDOEFLog I PITTHIREE -
TUTORICHD CEDRESNTNSB 121,

Log X (P / atm)=-20060/T+9.029 (2-4-1)

CORDD. TORREICHSTIBDLREE1450°C(1723K)IC BV T2.435x10 *MPaTH
BCEDREBEEOND, —73. CeOAdZRBTIHDMICCe203E 02 BT D, 1000~
2000KMDREFHE(C BV TCe02-Ce203RICHRITDRIBDEELog = P (Ce203ldRHEET
HDD. —BETEERD) FEEHRARBTUTORCRS CEDREEZINTND [12],

Log = (P/ atm)=-27580/T+9.122 (2-4-2)

CORDD. COMRECESSBOREF1450°C(1723K)ICHBUVT1.303x10°MPaTH B
CENRBEELND, 1450CICRITDRBBOIBOZEDTEDIBRIZ, CeO2DFEH
FEEAEERUBDDICXH U T, SNO2DRREERTERNWCEEZRLTNDEER
bNd.

TTRDMOBRHLSIEERNDPOBEROEISNOEE2E UEEEICTERSE, TOT
EDS, Ca-Ce-Sn-ORBKUSr-Ce-Sn-OZDFLEMDMBRRIEZEN BN
CazxCe2-2xSn207 (0.35 <X = 0.43) 33 K U'Sr2xCez-2xSn207 (0.345 =X <0.365) 5Bk T=
D, COERMARTIHENRC EEIBEBBEEIMIX=05LDENEL, CaF/EEdSrHTHAT
Cerich&IE > TNBDRTH D, T T CeldBIETH DCe02HCe01.72ETDHIZN
REBAFELERF > TELREICHBEBENMR TR EDFMSNTIVD 13]LDICCeld
EBHSBITHBHEEDDTLY, TNEHDOTEHS, R LIECaxCe22xSn207 BKV
Sr2xCe2-2xSn207P D Ce-1 ZF  DIEEUI—EBMEE/E > TN DTN HDEEZSNDB,

2—5—4 RetveldiE(|C & DS

Caz2xCe2-2xSn207 B K U'SraxCez-2xSn207E BICHE X OIS B R0/ 000
PR TN ONTETHHEN. ERIC/SA DI DPRESETHICEERRTD
IZDICEE X S EIRER & B VERietvedfBIF &5 o 12, BRIFIZAGI6d) T 1 HIECa® F=

S BLUce’ cce® S U AL, BU YA RESnT T HEE L. BB 7S48
C8bH o hESET D, EUVDEFILTCa-Ce-Sn-0F TldX=0.4(Cao.sCe1.25n207) D,

Sr-Ce-Sn-OF TlEX=0.35(Sr0.7Ce1.35n207) DEIBHABIC DNV TENBNIT o 1E, BIFDE
RESNIZZR factorETable 2-4CFH U, AFR TIIREZOBEHEONELZSE
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NOEDTHAIC DNV TOBRI TEE, SOOReNedBBIFIC SOFHESI/
OOOPRBEEES>TNSTEBRBTELEEZ5NS, Table 250 ZNZNOHE
CONTEAIL EdERKUTHBE ERB L OBRESNE EELELTRUE,
Rietveld# T DIR. &1 AV OREBRIM THBEESRIDREFOEHIESNIED,
DT CERR Y DIEWHICCazxCez2xSn207MHEBC DN TEBHBOEZEEAE L,
BFEREMN THEUCEREE LB Trigure 20CRY, COENSHEERE
REELEDHTI—BLTNBTENDD B, COBRRERUIEHEEMERE |
HROZ TOXDEICDNTEEY 1 FRIUOB( 2> Y1 FEERBNRNT EE
KLTNBEEZBNB,

2—5—5 RBFEHOMERKEG

BB UTZCa2xCe22xSn207IC DNV T, BREME /Ny FHRKICHIT IXDBEOEERE
Figure 2-10[C Y, BFERIIXDEN0.3-0.480B TEENICEZIETRDT. SRUE
N OTOPBTRECOHEBEIE—BETHRCENPFEIND, LHLEDS,
Figure 2-10[CIRUTE R DICHR X R D S BREESN B BE1EIF0.35<X<0.43&8 7%
D, BFEMEILD SH/EINBE—BELDERL B, BEEENX=05FTHD
DTWRNCE, FEBFEREILD SHFENDX=030T P THBHESNED -

v CNSOEBE1450CTEE128P=Z—ILUE GBECEICHER) . LhLsy

5. CHELDFEBECEBEBONED DE, F/E, X=030FHP TIABHEEDETIC
DNTCeODEEEIENAETL B oE, ZLT. X=05030HBPEEICHEREHTDE
N1 ODOPHROFEEISHTDERLED., BREDETHIHONE, COTEIIERERE
BICKOSNOEFEMEDCEETERLUTNBEEZSN, COFETENTEHESDC
CEHELNEEZEND. BRFERZLHSHPEINZIETOXOHETHHEEDIED
[CIEFHMERVIL-TIVEREDRBIESSEDINEICEDREEZ HND, BEEEIDXD

AZVV, DEOCa -richflITIRFAMNE < B S>ERBICDN TR, BEECHRTS
AE—DREDRNELZDHEEZTVD, FROBRRICHOBOREITL. CHHEEL
C<NUWEDERBICBESBNEZEZTIND, —7. %@pﬁﬁ&‘ﬂxmfﬁb‘d\éb\@ D

F0Ca” -poorll TR ENAZ L B FEBICDNTR. /i1 070 PHROBRIEEDS
RN TCeDBMNERNICEIL LIEEERX TEBBTES, COBE. 1 FVEEOK
ERCeDIMMBNEIEHEZ. BMEOTHNEL TERFREIAZLEIEEEZSNS, Ced
—BABE RN, BERIELER L TBRFDAZLBBBILZ0-CeONRICDNTHE
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5 HADHS LTINS,

BH. ARRTEISKEEZTERPTH>EN. BESES CTHERET >EBRSICIERD
2 DDOMRFTEIND, 1 DIEMEPTIECelIMMEENITS K IED, X=05TEH
BPHBOSNDIURMDHDC L. S 1 DIFBERP TIEISNO200 28 X ii:SnO2=Sn0O+
1/2020MIRIEN T, REBEDOERZET > TEHEBOTNEDELIZD. EHEO®ERNL
PVIKBDIEEZAONDTETHD,
SraxCe2-2xSn207MRIC DN TSR ICH T DB FEBDELEFEEAERSNED -
2. CNIICaBMRAKXDEEBEEDIHENEHEEEZSNDD. SIRDBSECaRD

BEERENSE D AY¥EIF0o126nmEKRE, FEESA &L cetT D1 AV EE

(0.007nM)EDIIT A 7 VHFE THB0.1115nmlZCe’ D+ # VB TH B0.1143nm & [F

FFEUVZD. RICCaCRREDEBRAER > TUVEE U TERFERISMRICH L
TEEAEEELENEEZBND,

2—5—6 BEEMEAYA L1 ZYO1ZVEEEOROBEE

Figure 2-11(CBHEDH T8-S0/ OV O PRULSMB LUESRUESH ULV Ir 020
PEESUOERREBEAT 1 M 2V EROBRERT, SRUEHLLVIIOIOP
BESMOAT 1 FOA ZVERE, BENPUEEERRSETILSICEELTNDE
£z5n3Ca FrEESP e BLUCe DEIESNS. ThEDL A VERONEELY
CRDEHUE, FE. BEO/ - 0207 SMORFELRDELICDDH— RIZEE
BN TNBBEEALE, Figure 2-11CTRUIELSICERUES LIV 000 PR
(SIS HOBEDT 18- Sn/ i« DY O PRILSMEREICDSD, COTEFATA R
ICBNTCe oA 4V D—BEBMEEE > TNBENDER. ZLTTOFESWMDAT A ~
RSB A VRO OO PRA SN THBIC EDEL ERNT BN THIEERD
n3.

2—=5—7 CeDEERFHNRE

CNE T, CazxCe2-2xSn20783 KT SraxCez-2xSn207 Tl & BICX=0.5THEHE SN,
9\ Ce-richfll THEEHEBESNTHRD. Ced—BIEMEE > TNBEEZBNBT &
N2, IlahB. TNSORTIICeHAY 1 FESE T BIBSICRAUBBOHIDIABLD., 3
WEAMBNRFT BHHREEBREEZDBND, TOESECeO2& U THBENEEECe
DRSSP TIHTE S D OTELSBEILCe02EV205E DR
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Ce02+1/2V205—>CeY04+1/402|I_ K > TEM T BCeVOZ DN TER DN DB [15], Sht
[16)3ER DB ECeOERBHHL. AKDHBINIPIL IV D THNENRLE
BRICEDECeDBTENBELONTUT DL S ICEBUE,

O—RIC. BRFM 7> OBIEMEDRIBICHL THRTIMBT DI,
@—MIC. INEZA AV DBEYE DRMICEL TIZBFTORT DO,
@E—DBIEYTE. BN Ce-poorl TH BIF & BFAERT DD TN,
@mn@émﬁmﬁégmgaﬁaaﬁﬁﬁ@:@m§<\@%wm@@mmézmqé']

BAICREC DI, '
OROTZNA FEUCEMELRT BESTE. AIBICABESICETMEBTDOT

0V !
AHWF TEMESNIZCazxCer-2xSn20783 KU SraxCe22xSn207DBEICIEZD~@IEIBTLE
HTRFESEN GCDNTREKEL, TENE, AFROERNSAOTINT ~
BOHEST/NA OV OPRTEABICABDESICEETIRBCDOTNEEZ SN
3,

CeVOaMCeH3ifiz & N DT L VBEBIE. CeVOsTIZONWVICS < BR{i1 L TCe[VO4ITE DL
FBEEERL TOIEHDUTROVIGETINC LS, BICZOBER- AV ERS
LT BCeIBERMRE DEENEEBILHCRFEIMENVRECAD > EsEan |
TUVS [16], CazxCez-2xSn2078 K U SraxCez-2xSn20713/ 87 O O PEDIESEEE > TH)
BN 1 —2—1 TRBUEKDIC/ - OV O PEEETRIBFOEBIIBONTHRNE |
BUTHRO. AT o 7 VIZ6BDBOsN\EERDIEBEIRICA > TOTHBOHRICED |
FOBSUTIVEL, TENB, ATA 1 AV EOEDEBIEBY A 1 2V E0EDRE
BICHNRTHIEDEEED, &mﬂﬁgfﬁﬁ€§U@§MC%ianémfﬁé

2—6 (Ca,Ce)2Sn20783K TN (Sr,Ce)2S07NER TEE
2—6—1 BERKEEEAEOBH ,

Figure 2-11[CR U2 K S I(CCazxCez-2xSn207M/ -1 00 O PRSI FEXK S &
UAY A D 7V HERIFEwRSn07E [ FFZE L), ULHUBHDS, EuzSn207d&BIdEE i
THBDICXTLU T, BRUEHFLWIYOOOPRIEEYIE2—~5—2 THBNERDICE
BLTHD. ZOBECaBEEEICEER~BEE~EREILTSD, CDT EECaxdsr
EXEEBCCeDBEDEIL L, EFRENRICTDCHEEZ SN D, FE. BIFITIH
CeS -3l & DD/ 1 OV D PROEEDRRENBERNSEL TNBEHEE
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2 BNBDCEEBNE, ZLTAEHCE. CNHORABNOERCEEZAEL. BERF
FEOMRICONTHRER/DITCEBINET D,

r—6—2 BIECEEATE
1273KICRITDERELDHABOERICEEZAETDEEFRAEBI FUT FUE,
CNIZ1450CTHBE. BERFEH SZER[PICERICED B UEZERNOMEFDREIMR
BEANTVEEDIC1273KO LD BERDRRBICEDDIC LIS S HEDOD o EZ9HIC
HUEEEZBND, ZLTAME TIIINTORBZE1273KTIBFPZ—-ILL. ER
EEEOENRIEURBEDOEER LU THSAEET OIS

Figure 2-12[CEFRDP (log(pO2/MPa)=-1) THIFE L JZCaxxCe2-2xSn207 (X=0.43) D51
BICONWTREET80~1273KEEIEI B EBROE— Ny VEROBEILETRUE, E—N
W IREDIEDETHDCEND, FrUVEULTEFHEEITDCENDDS,

Figure 2-13|CEER P THIFE UIZCao.sCe1.28n20783 K U'Sro.7Ce1.38n207DERICEE o
DREICXITDIPLIORTOY FERT, COMOSESE5DIEEMEFERERIC
EP Do, FiE. TOBICHLVTSr0.7Ce1.3Sn207dE TN > TNBDN CGDEEBIC
DNTIE2—6—3 TERI D, Figure 2-13ICIELLEBDIZ HLazSn20775 5T Y28n207
N7IEKEEEERUE. NS 2 DDIEEME/Nr 00 PRERIEMTHD. DX
CRILDICHEEUZRID, BEXILEEEDEICacsCet1.25n2070Sr0.7Ce1.38n207IC LL
NT2~4KTIF L,

Figure 2-14[C1273K, BAZEDIC BT DCazxCez22xSm07MERICE EDHERKEM 25
g, CNHS. BREEERXOENE EBICERICETIDEDDDD,

Figure 2-15|CCao.8Ce1.25n2078 K 1Sr0.7Ce1.35n207MD1273KIC BT DERIGEEDEEE
DEREFHETT, EREEEITCEMECCBEDIEDELICALTEE-—ETH
D, BFRD :t@fE_VFlliﬂﬁ'%ﬁﬁ'zﬂﬁ%l@@ﬁbﬂdbfhﬁéléﬂ/200(‘23!5%(;/J\éb\f"éc‘:ﬁj
12, EJZ. CaosCe128n07MRBEAKRIECZY FU. 1273KTCHREDPRKIUERDTHH
RUCBITZHBOBETLERNED. BlIBEENED >E, TNHODBRD S,
CaosCe1.28n07MEEANELLMIISERIELUEBEOSAR CTRELAERSNENC

EDNOHB, Figure 2-15D SEEDEN10 MPall F TEEICIETR TR EHHH B,

COFREIMD LU THR X BROMET S EECD/ Y OJOPRERENODEL TN
Eo
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2—6—3 TEHBORR

Arai5 [18](3(Ce02)1-x(Ca0)x, (0.1=<X=0.8)1550~900°C D#IFE THIKI0.98~1DEL
RTAVCERTHBDICEETRULE, TTT. CansCe1.2Sn2078 K USr0.7Ce1.3Sn207M
ERCEEDRERFMZE(Ce02)0.9(Cal)o.1, CeO2d3 KU (Zr02)0.85(Cal)o.15& LLEE T B &
(Figure 2-16). Cao.8Ce1.2Sn20783 K USr0.7Ce1.3807NERIEEBE DB EREM L
(Ce02)oo(Cal) 1 DENERFEAE—HIT B ENNDND, TOTEDHS,
Cao8Ce1.28n2078 & UISr07Ce 12820 E A 7 Y BEA TH BT EEE TS
Lo UDUIED'S, CanCeraSn:OddFigure 2-12[C R UIE LD ICED T — Ry IHEHET
LIECEDS, DS EEEFHF v UVELTEEIDCEDNDHNDB,

2 =5 EiCTHNTEKR S [CCeD—BEIBRDEK WDPURBERIE T EHICHBEE T
NWDEEZEND, CODIEED. (Ca,Ce)2Sm07ICBITDF v U VPOERIMUTORICLE
DNoTERLEEEZSND,

Ce, 0,28 2Ce, + 205 +10,+2¢ (2-5-1)

COR/E R—TUTUWENE R UIECa e asm* 20715t U TsifiddCe A VD
2DCat AV EBMULECEERY, COEZELFigure 2-14ICTRUEREERE &L -
EESR

ESHCCOERLEF v UVELTERLEEFEC U+ FoZrEEsn o+ ~
ODNFNDICUTONTFNDDRICH ST RSy TENTNBEEZ BNDB,

t

Ce3 4 e'—>Ce:é:a: + (2-5-2)

+! + -+ 40
2C6g84 ++ Sngn4 + Z 2Ceie4 ++ Sn§n4 + (2-5-3)

LOULBDS, CNEOBRDSEHTE. WFNORGHERLTNIHEBESNCT
DTEFEULN,

Figure 2-15[C R UTE, (Ca,Ce)2Sn207[C DERIGE EN pO20iFd & EBICTIHTH
ERUERKE., (CEMOBRAELLECHNF v U PHMTDE@-5-0)F 23 (2-5-5)ICK
TNTNDDRICUED > THSEICERLUEREDHEEZSND, ULHLEBDS, TOE
RAELEIRAR TEEZ<BRESNED > IZCENLEZENDHTNENEEZBND,

0%V + %02 +e (2-5-4)
OX->vy ™+ %.02 +2¢ (2-5-5)

COEEERUEERESN A A VL TUTORMICE>TESw TaNBEE
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Z56N%.

snd T +2e >gn? T (2-5-6)
CNSDOBZEL(Ca,Ce)2Sn207DRICDVNTIRNTEZ. FERO T EHHSr,Ce)2Sn207DF
CDOWTEERTEDEEZOSND,

Figure 2-13ICR UTE K DI Sr0.7Ce1.38207NEKGEEDBRERERDO T ST DBERIE
Z2E TETHD > TS, CTORFEIILa1-xSIXCrOsB3 K ULat-xSxMnOs TEIRSEN T
B CTNODROEBBHBIEI R E—)LIN-50 VB THIBESNTIVD[19,20], T
DT EDDS. Sr0.7Ce1.38n07DERICBEDREREEDT ST DERN SR TE T
DoTNBREE, FrUPELTEELVLTNBEFHRE-ILIN—S0VEETHEEL
TNBEHEEZSND, EIE. Figure 2-12[CBLYTCaxCe2-2xSn207D P — N w D HE
DREEEBICENUED. ChidF v U VPEESSNICEMHESNTVWRNWC EERE
95, BEORSEEEBMONaxTayW1-Y0s [21], Na1-xSrxNbOz [22] BEUNIiE R—T U
12C003 [23IIC DNVTERSENTNDD. CTNEDOMBICDNWTEEEH#BIIXET—IL
M—50 VB THRBENTND, MEDCEDS, (Ca,Ce)2Sn20783 KU (Sr,Ce)2Sn207
CENVTEFYUPELTERUTNBEFEIRE—NR—=3OVORVEVYIICK>TE
BLTWDEEZSNSD,

2—7 F&®H
KETH¥EE§EMHﬁﬂ® EFERBER OB A VDAY L ELSEITIBEDM

BHE LT, AT FEBRORERE A YHEET BB A 2B 0E 0102

DPRERIENOERES ERRBEORAN DERL, BRULE, ZORSE. NTOR
PESNCESE,

2+ , 4+

DA AT 2B 20 BDAY 1 MREIRA 2 VERD/ 1 000 PRERIEIDE KRR
MTFCRIT—#HDOA TRBRTESD,

AAZT —0)=dAZ+-0)=(rp +1g) >0
AdA Y —0)=dA -0 = (rp 1 +1) <0

CORMERRETAT BRUAT A AV DEHENRICDNT
(Ca,Ce)28n207, (Sr,Ce)207, (Cd,Ce)2Sn207H KT (Ca,Ce)2Hf207( 4 FEXEDFEEND
 BRICKITIL, COHEBHADA ZYOEBEDRICONTIHEEMEERLED o E,
BE. 1 AVHEEDNTCOHEBERICH > TEUTUEESWIERUBED >IETEDB.
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CNSDRPIYERETHICENDN O, THENE. BRIEIE ?EB%E%DKW]’ .
FYDAT A FESE I BBEICIEZDERRI IR LTS SERTRADT |

BECHDICEDBPSHCE S,

LR UEFHIESMD S5, (Ca,Ce)28n20738 KUK (St,Ce)28n207IC DUV T I8 5E s & 5
NIZETBENBNCazkCe22x8n207 (0.35 SX<0.43)3 K USrxCe2-2xSn207 (0.345 <X
=0.365)TH0. BIBREHIX=0.58D ECMhBITHBT ENDN S, TOTED |

SitRPTDE ERNPUREETBIZ I IZDICCeD—BIIITEEE > TNNBT EDNDD -

o TO. Cef—BBMMEE > TNDENSTERAY A FD1 AV EBEBRTEED |

BOBERBERISEEMITISNE,
@CeO2& U THEN R EIRCeMES D TB R NDOT | VEWDIRER(IBERELE CH N

TREBRNELSESNIRETH I, COTE HMCa,Ce)28n20783 < TK(Sr, Ce)2Sn207 .
CONTHONETENS, /¥ OUOPRIERILNDAT 1 -1 F Y ERBA AV E
DS BYA b AV EBRA 2V EDBSICHNTHCEESRT S, Cne

El/NNrooopm DfERBEDIFYE — —HT B,
O RBENTEHMIC LS TSl CHBEDCe R L TH1B(Ca,Ce)28n2078 L UM ST, Ce)

23n207[C DNVTERCEEEATLE, ZOESR. CN5IELa2Sn207XDY28n207D K S

IBHDFLIE-SnD/ S 0T 0 PERIEREIEL D o~ B VEE it ERTHERTH

BLEDDD R, FE. B—Ny IBREOMENSBBE+v U PLEFTHBIoE
DODOIZ, Fz. BEDECH U TREACEEBUATELENCE, BLUP— -
YORBOREC CEICRERBRED 520BEMBERE— K-S OVisET

FBNDEEZ ),
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B(16¢)
. i |
A(16d)
/A 0480
0'(8b

Figure 2-1 Pyrochlore structure based on corner-shared BOs octahedra.
The center of the hexagons contains an overlapping projection of
one A cation and two O' anions.
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Figure 2-2 Schematic drawing of formation conditions for
(A2+,A'4T)B4+207 pyrochlore type compounds.
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Figure 2-3 Relationship between lattice parameter and ionic radii of F
A(16d) site cation in Ln2B207 pyrochlore type compounds.
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Combination of A2+ and A'4+ cations

(A2+,A'4)2B4+207 Y, A3+2B4+207
| [ 77 | I I l
La—0.116
BaZr+ X X —0.113
BaHf+ X X
BaSnt+ X pod
SrCet O X X Nd—
BaTi+ X X X Sm—{0.108
StZr+ X X X
CaCet+ O O O
StHf+— X X Tb—0.104
CdCer O O X
SrSnm - X X Er—0.100
SrTi+ X
CaZr1 X X —0.098
CaHft1 X X Lu—
CdZr+ X X —0.096
Ti Sn Hf Zr
/A | | |

0.060 0.061/ 0.069 0.070 0.071 0.072
Ionic radii of B(16¢) site cation / nm

de of ionic radii / nm

Gui

Figure 2-4 Result of the synthesis of (A2+,A'4+)B207 pyrochlore type compounds.

53




Ad(A"“+-0'(8b)) / x10-3 nm

Figure 2-5 Formation diagram of (A2+,A'4+)B4+207 pyrochlore type compounds
based on Ad(A2+-0) and Ad(A4*+-0". Closed symbols indicate the
combinations with which formation of pyrochlore type compounds
were identified.
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after Rossel [10]).

(

Figure 2-6 Crystai structure of CaZrTi2O7



CaO @ Pyrochlore(PY)
@ PY+CeO2
~ OPY+SnO:
CaSnO3 ® PY +Ce02+SnO2
A @ PY +unknown

20 40 ® PY +unknown+CaSnO3

CeO2 SnO2
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Figure 2-7 Relationship between the batch compositions and
the resulting phases in Ca-Ce-Sn-O system
after firing at 1450°C in air.
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CaO
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CeO2 SnO2 20 30

48

SnO2 / mol%

Figure 2-8 Relationship between the batch compositions and
the resulting phases in Sr-Ce-Sn-0O system
after firing at 1450°C in air.
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Figure 2-10 Relationship between lattice parameter and
X in Ca2xCe2-2xSn207.
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Figure 2-11 Relationship between lattice parameter of Ln2Sn207 ,,
pyrochlore type compound and ionic radii of A(16d) site cation.
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Figure 2-12 Seebeck coefficient of CazxCe2-2xSn207 (X=0.43)
as a function of temperature in Oz.
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Figure 2-13 Electrical conductivities of Cao.sCe1.25n207 and Sro.7Ce1.38n207 1

as a function of temperature in O2. The conductivities of
La2Sn207 and Y2Sn207 [17] are also plotted for conparison.
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Figure 2-14 Dependence of electrical conductivities on compaosition X
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Figure 2-15 Relationship between electrical conductivities of
Cao.8Ce1.25n207 and Sro.7Ce1.35n207 and
oxygen partial pressure at 1273K.
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Figure 2-16 Comparison of electrical conductivities of Cao.sCe1.28n207 and
Sro.7Ce1.3S5n207 with that of CeQOz2, (Ce02)0.9(Ca0)o.1 and
(ZrO2)0.85(Ca0)o.15 (After Arai et al. [18]).
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Table 2-1  Comparison of interatomic distances of d(A-O) and d(A-O") with
sum of ionic radii of r'a and lo.

Compound d(A-O) /nm - d(A-O') /nm ra+ro/nm Ref.

Er2Ti207 0.2471 0.2182 0.2384 1

Cd2Nb207 0.2647 0.2246 0.248 2
- HgaNb207 0.261 0.2263 0.252 3

Table 2-3 The batch compositions and the analytical compositions of
two samples, A:Cao.8Ce1.2Sn207 and B:Cao.s84Ce1.16Sn207.

Sample Ca Ce Sn O

A Batch compositions (wt%) 5.83 30.6 432 20.4%
Analytical compositions (wt%) 6.20 30.3 43.1 20°
Batch compositions (molar ratio) 0.80 1.20 2.00 702
Analytical compositions (molar ratio)  0.85 1.19 2.00 7.0P

B Batch compositions (wt%) 6.17 29.8 43.5 20.52
Analytical compositions (wt%) 6.49 294 433 21P
Batch compositions (molar ratio) 0.84 1.16 2.00 70%
Analytical compositions (molar ratio) 0.89 1.15 2.00 7 1P

®It was assumed that the oxygen molar content should be 3.5 times as large as that of tin

bdetermined by LECO's oxygen analyzer

Table 2-4 Refined R-factors of Cao.sCe1.2Sn207 and Sro.7Ce1.3Sn207

Rwp(%) RP(%) RE(%) R1(%) Re(%)
Ca0.8Ce1.2Sn207 13.19 10.39 4.61 6.14 6.20 .
Sr0.7Ce1.3Sn207 16.60 12.53 4.85 7.15 7.29 %

Note. Rwp: weighted pattern R-factor, Rp: pattern R-factor, RE: expected R-factor
R1I: integrated intensity R-factor, RF: structure R-factor
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Table 2-2 Powder diffraction data for (Cd,Ce)2Sn207 and (Ca,Ce)2Hf20>.

(Cd,Ce)28n207 (Ca,Ce)2H207
a=1.0449¢(6)nm a=1.0493(8)nm

h k1 d(am) 1/10 d(nm) 1/10
111 0.6033 0.0 0.6059 55
220 0.3694 0.2 03710 0.0
311 03151 0.0 0.3164 3.4
222 03017 100.0 0.3029 100.0
400 0.2612 326 0.2623 29.1
33 1 0.2397 12 0.2407 0.5
422 0.2133 0.3 0.2142 0.0
511 0.2.011 0.1 0.2.020 14
333 0.2.011 0.2.020

440 0.1847 412 0.1855 36.5
531 0.1766 0.0 0.1774 0.0
442 0.1742 0.0 0.1745 0.0
620 0.1652 0.0 0.1659 0.0
533 0.1594 0.0 0.1600 0.0
6 2 2 0.1575 342 0.1582 26.1
444 0.1508 7.6 0.1515 5.9
551 0.1463 0.2 0.1469 0.5
711 0.1463 0.1469

6 4 2 0.1396 0.0 0.1440 0.0
553 0.1360 0.0 0.1366 0.6
731 0.1360 0.1366

800 0.1306 4.6 0.1312 3.9
73 3 0.1277 0.2 0.1282 0.0
6 4 4 0.1267 0.0 0.1273 0.5
82 2 0.1232 0.0 0.1237 0.0
66 0 0.1232 0.1237

555 0.1207 0.0 0.1212 0.5
751 0.1207 0.1212

66 2 0.1199 102 0.1204 7.3
8 40 0.1168 8.1 0.1173 52
753 0.1147 0.0 0.1152 0.0
911" 0.1147 0.1152

8 42 0.1140 0.0 0.1145 0.0
6 6 4 0.1114 0.0 0.1119 0.0
9 3 1 0.1095 0.0 0.1100 0.0
8 4 4 0.1067 72 0.1071 56
755 0.1050 0.0 0.1055 0.5
77 1 0.1050 0.1055

93 3 0.1050 0.1055

8 6 2 0.1025 0.0 0.1029 0.0
102 0 0.1025 0.1029

773 0.1010 0.2 0.1014 0.0
95 1 0.1010 0.1014

102 2 0.1006 7.2 0.1010 4.1
66 6 0.1006 0.1010

953 0.0974 0.0 0.0979 03
8 6 4 0.0970 0.0 0.0974 0.0
104 2 0.0954 0.0 0.0958 0.0
11 1 0.0942 0.0 0.0946 0.0
775 0.0942 0.0946

880 0.0924 2.4 0.0928 14
13 1 0.0013 0.0 0.0917 0.1
955 0.0913 0.0917

9 7 1 0.0913 0.0917

104 4 0.0910 1.1 0.0013 0.0
8 8 2 0.0910 0.0913

106 0 0.0896 0.0 0.0900 0.0
86 6 0.0896 0.0900

97 3 0.0886 0.0 0.0890 0.0
13 3 0.0886 0.0890

1062 (1 ORI2 186 00887 38
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Table 2-5 Powder diffraction data for Caoc.sCe1.2Sn207 and Sro.7Cé1.33n207.

Ca0.8Ce125n207 Sro0.7Ce13Sn207
a=1.0486(1)nm a=1.0580(5)nm
h k 1 d(nm) Tobs Ical d(nm) Jobs Tcal
111 0.6054 1376 1778 0.6109 326 208
220 03707 847 129 03741 12 73
311 03162 3999 2877 0.3190 1146 656
222 0.3027 100000 93305 0.3054 100000 90701
400 0.2622 23266 27658 0.2645 25272 28343
331 0.2406 0 89 0.2427 501 793
4 22 0.2140 0 240 0.2160 0 279
511 0.2018 46 49 0.2036 94 97
333 02018 948 1008 0.2036 562 581
4 40 0.1854 44489 44950 0.1870 43770 43492
531 0.1772 687 547 0.1788 357 56
4 4 2 0.1748 0 0 0.1763 0 0
6 2 0 0.1658 473 44 0.1673 492 78
533 0.1599 483 493 0.1614 147 152
6 2 2 0.1581 36463 37864 0.1595 36711 38228
4 4 4 0.1514 9025 8314 0.1527 9998 8759
551 0.1468 578 540 0.1482 113 255
711 0.1468 41 38 0.1482 3 7
6 4 2 0.1401 0 2 0.1414 0 3
731 0.1365 707 1000 0.1377 0 2
553 0.1365 48 68 0.1377 0 422
8 00 0.1311 5386 5864 0.1323 5286 5966
733 0.1281 5 5 0.1293 10 123
6 4 4 0.1272 0 0 0.1283 0 0
8 2 2 0.1236 340 83 0.1247 253 141
6 6 0 0.1236 122 30 0.1247 97 54
555 0.1211 1 1 0.1222 22 20
751 0.12t1 274 266 0.1222 34 32
6 6 2 0.1203 14476 14166 0.1214 15652 14741
8 40 0.1172 31486 11068 0.1183 12080 11834
75 3 0.1151 58 50 0.1161 12 7
9 11 0.1151 167 143 0.1161 65 35
8 4 2 0.1144 0 0 0.1154 0 0
6 6 4 0.1118 0 17 0.1128 97 31
9 3 1 0.1099 0 184 0.1109 64 33
8 4 4 0.1070 10760 11097 0.1080 11530 11304
755 0.1054 93 92 0.1063 38 24
771 0.1054 5 5 0.1063 28 18
9 3 3 0.1054 33 32 0.1063 4 3
10 2 0 0.1028 44 31 0.1038 80 36
8 6 2 0.1028 24 17 0.1038 110 49
9 51 0.1014 49 49 0.1023 159 164
773 0.1014 294 292 0.1023 7 7
10 2 2 0.1009 8780 8782 0.1018 8995 9267
6 6 6 0.1009 2927 2927 0.1018 2998 3089
9 53 0.0978 0 191 0.0087 0 39 :
8 6 4 0.0974 0 0 0.0982 0 0
10 4 2 0.0957 0 257 0.0966 0 34 ¢
111 1 0.0946 7 101 0.0954 0 11 .
775 0.0946 10 158 0.0954 0 52 .
8 80 0.0927 4329 4311 0.0935 4411 4388 .
1 3 1 0.0916 60 58 0.0924 1 1
955 0.0916 190 184 0.0924 99 94
9 7 1 0.0916 o118 115 0.0924 8 7
10 4 4 0.0913 0 0 0.0921 0 0
8 8 2 0.0913 0 0 0.0921 0 0
10 6 0 0.0899 123 52 0.0907 155 104
8 6 6 0.0899 0 0 0.0907 0 0
9 7 3 0.0889 334 310 0.0987 127 123
11 3 3 0.0889 230 213 0.0897 94 91
10 6 2 0.0886 17966 16631 0.0894 18148 17502
8 8 4 0.0874 9039 8224 0.0882 10049 9123
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THDICEDDDD, FaucherD [9ICKBDEX/ YD X —4(F0.3125 (5/16) <X £0.375 (3/8)
OEDEZRD. X=0.31250B&ICEBY 1 ~FOBODEMZSEFSENTEERD
X=0.375MBSICIIAY 1 FOBD DERSEAENIFRERD, LEN>T, Tolks
MOBSICIEBY A 1 AV DB D OEMBEEEENBEKICHEZOIFENC EHHDH B,

Table 3-6[CIBGEHNT B LUTTRDAD SHROSNIZ/ 1 OV D PREREMOMERTE
REEEHETHRI, COTableHh SEBLSNEMI/NDLLETEDHD SESNELLD
EERS—HUL. MEBLDEEFBENCEDNDND, FIE. Table 3-3ICRUELDICH

ERFTORRED SBSNEBRBEL7.340/cm° T, COBEIZET ) A—S THELUEE

BED7.320/cm°E L —BUECEDD, BEEAD SBSNIEMERROEREEE!)
EEZBNS, |
CNETZLOWEEIC K> T/r OO PEEEEYMIC DT Bsite-preference, T75

DB, BT A UH8ERBERANBOESSERBIRT ANCDONWTIEZRINTE
2. TWAR[MO01EPb-Zn-Nb-OZ M/ N1 OO O PEERIEICDOINT, @R

72

|




(Pb1.8Zno2)Nb207THD ., ZnldgAT 1 FESB L TNDEBRLU TIND, HFEXS ME
D#E. Pb-Mg-Nb-OFD/\ O OPRERIEMOBESICEMISIAT 1 FESEL. K
HIL(Pb1.oMgo. )ND207 THDEHRSE L TUVD, AR TEMIDAY 1 ~EEEI DL
- E B\ DEOHERINE(PoiMg1-ONb207ERFEL., IDEZRIES B TEREDHERILES
SEDN tIDERIERSZ, TRHBEMIFAT A FESBLTOWENTEDDD >,

3—3—2 EERS

Table 3-7ICAY A RCEEZSDUB RO/ 1 OV O PRERIEMOIMESIN T\ DHEHK
REBBETD, CORDD., APOBMREBIFAT 1 ~FOPOOESERDOBY 1 ~D1 A
DB BNDEICBRIE<6.5THIC ENNDHD, JangD[17]idPb(Zn1/sNbz/s)0s (PZN) &
POORIRDIESYIZFIE T D EPZNIFBDRL TN OV O PEER MO ERT D
D COEEERUEZ/N OO OPRERIEMOMREEPMATOH LIZ & C AL
Pb:Zn:Nb=1.83:0.26:1.68 CH O EMSL TND, COMREATRIRIDE
Pb1.80Zn0.27Nb1.7306.40 CH . BREN6STHDENDCEEZH LTINS,

Pb1.86Mg0.2aNb1.7606.5DIERIBEIL FKIZ I ERZNERD S EHRETUIZ, Figure 3-4iC
IISANBRE/H OVOPREBEO—BERUEN. CORETREREED6ED
BOs\E AN VT &R L THD. dWTIFA6d) T b+ Z D ERIL TS, &
2. CTOAYA b ZAVICIEHEEICEBIC 2 B00@6b) 1 A VHEfIL TS, UEED >
T OEEIIBOsN\BENBREBR L TNT, ZOBBEA0DTF T — VDI THI(C

BHTNBERIRENTIVS, Cascalesd [18IIEHIER W ERZ > TLBPYY A A VE

ZATNBN DD DIESICT L TP DB ORUSEHEOMREIIISFUNE
BERMESHOB D OEMSEEOHIREEHEDERE>TNBT EEISEL.

Pb2(Mo.sSb1.5)Os5 (M=Al, Sc, Cr, Fe, Ga, RNDES. P 0B OERKISEED 8 DD
BroOBDS5H. 6 @I30oUsHH, 1@ E0Eh)HEHTRD., DD 1 DOERIE

vacancy& 15 TWBD, ITEFRIZCOHABIC IR ERHB LS ICHRUTHTPL (&
RN THAEEEL TUVD(Figure 3-5), AR TERESBAETHE
Pb1.86Mgo0.24Nb1.76065MDIBE. Table 3-5[CR L TE KD (CPb-OB KU Pb-O'EEREDNIE TS

[30.2504(0)nm&T2 0. PO2 DEERIDA 7 VB EOT DA 7/ HE 1OIDEEHD

0261NME L —HT B, CNESNTEZTDIEEMONTEPY [ CEREEE >TH
D, BESIHES5THIEVNIBRILDBRESHITIENDTHIEEZOND, BH.
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Beech5 [8]IdPb-M-O% (M=Nb, Ta)DIIFIEMD/ - O 0 PEERIEYICEIL TAPD)H
1 OB DEMZEAEDOHRICEYT SHEREBENTERET), CORDILEMIIPL
BRUODHEELPD1+xM206+x (0.33=X=0.6)DEE TEILU D BRELILEMTHD E
BRI, UDUBDSEMIE THRITET o /2Pb1.8sMgo2sND1.76065DIES. $E5ILBRIG
POODI Sy VAP TERUEICEERDSTFRRENCSTH >IE, COTEHD65E1)
DHMREBRFIESDIHED/ 1 OO PEEREMORCHENTIEIRENICERETH S
CEERET D, TNFTPb-Mg-Nb-OFRMD/ - OO PRERMIEMOMBRTRIC DN T
Pb2Mgo.32Nb1.8707 (Pb1.83Mgo.2aNb1.7106.39) [1,2], Pb2.25sMgo.27Nb1.7007 [20] 3 LT}
Pb2Mgo.25Nb1.7506.625 [211/8 EZ < DENREINTNBD. AETEBOSNEBRE O
RO/ ODOPREREMIC DN TETable 3-7ICTR UE L DBIESTHO/ S D20
PEERICMEBRIC6SEVVDBERBER DEESMELTOEENBIEEZ SN,

83—4 WESDUHBED/NA OUOFPRERILMDOEREHORE
BIEIDEREZII T, HESTUHRD/ 1 OIDPREREMOERZEELT

" Po*' A A Y DR DI EFAEREICINE T BEDICAT 1 ~CEREILTLVB2/BNO0

@)1 A DSBUBNRMNICRIET BEHICRNPOBESL6 588D, FE. CNIC
HL AY T FESB IR A YDEERICSNOEINDIUREEBRITBLSIC
RAESND” CTENRETEDEEZSND, COEBREHHELNETBE, Pb-Mg-

Nb-ORICHIT D 2 BEEDIITTRD/ N O O PEEELEY) TH BPb1.8sMgo.2aNb1.7606.5

EPb1.5Nb206.5DRE TPb(a+ax)2MgxNbe-x06.5 (0 SX<0.24) DR ER D—ED/S1 077
OFPHEBRICMDIEEIT D EOHEIND,

3—5 Pb-Mg-Nb-ORICHITDUPRD/ - 0D O PEEEMEMOMEREE
AEITIIBEEIC KD Pbs+ax)2MgxNbe-xQs s EIF D—ED/ S 07 O PREHR
EMOERERHC, BH. XDEIFOSXZ050FHETEILIE/E, Figure 3-6/1C/51 0
JOPEERCMOBIERE/NY FHROBRET Y, COBICENE THREINTL)
DINA DUOPRERENOBFERBESUVICARRE TER U EEHBRORFERE IO
v ~UTE, Figure 3-8ICIFFEZ. BRIBDMBICLBBILERUED, /S OV D 7EE
BAEYOBITE — DL TN TIIHR THRETII TEL, BR. X=03HBKUX=0.333D 2
SVRHC DU TII1160°C TREE SICHR UED, BRIEBESVICRFERITE<ELL
BN oI, BFERIIX=0E0240E TERNICEILT DT EDDD >ED. CORBRE

74




13« O 0 PREBRICYIOMBAREH IS Lk DPb1.8sMgo.24Nb1.7606.5C Pb1.5Nb20s.sDElC
EENBDTEERY, T T AYA FOBSEEDM EI3DHMBRIFETE £X=0.333¢&78D
. ERCEBTORBERF D/ DO PREREMIERLED E, COEBBLL
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AO270OPBIDEROT RN FREERBRENOHBILZERERDCHEEZISND,

Table 3-8[CEBD/ - OV O PERERILNDESNESRBO/N Y FHRREDH UIZHER
aRUED. TNHSMg/NbEEBLUBERSIRL~BLTWBTEDDDD, LU
5. PODODHER/N Y FHEBIOEETEIMETEONEZ, COBRORBEICHSIT
BPLONIBHIC LB TEM N HDEW. BEBICDNTEBRDTITETRRDITETNHIT
T A, PoOORERERUESRERUENESNE, UED>T. BREICRITSD
POODEBEIZRSNT, EWVEODERERIIDH LOMETHDEEAOND, DITDRED
EROISERE LD, B2 IEPbD—ERLPbClkPbF2OME SRR EAE > T2 T BE
BBITENS, BH. ChEBBOEZETanakad [221E8#EL TLVD, Figure 3-7[38
B OO PERERIEMICDNTE D / X—STAEUVEREBECBFEHDSED
UEBRZBEOMEBRKEEERIN. CNHSERERRENTHERN TEREECLLS—
BLTNBEDDD B,

CNETHRNRTEELIDICPO-Mg-Nb-OR D/ N O 0 PEEREYIEIX=0~0.240D %8
BEEND>B, COTEND, PMNOESRERSURDRIFICERT D/ ODIDOPE
EERRICMOEREEIL LU TNDIEM D DD, COTEER/NDIZHOICKX=0.24
(Pb1.86Mg0.24NDb1.7606.5) DR E1E D/ - OV D PRERILMOBHSHENL v FESKU
B, BoNERLY FOBBEZS7%THoIE, CONXLY FOREBEFEBICTHELIE
%, MEEELBECLTYY 2IVEAAN. BHICPODEE YT SFEX T1000C,
12BEP= LU, Po—ILi FFALy FORBOBIEHENRL, RCREE i
BSTHELCAHUVEBORTELEAELE, CORBERDEL TEFERORS f
HEMRIFM & NFigure 3-8(C 70w FUE, BH. BFERENRL v FRETHEELIE
SR EHXICUTHREUEESTZNZN.0506nmBKT1.0595nmTH D FREL
0.0001NMIBETHBT EDNOD o /E, Figure 3-8 K DIUEBULENRL v FOFBOBFRE
HIIEE T1.0581InmTH > EHN C@E(Hﬁ@b‘BUDEE%ED‘\EDD'@'%CK?S(732'0\ i:2]
B0 u mM E TIE1.0595nmDET—EEB >N, COERBRUEFORBOBFE
¥ME—HIB, CCTo LRODKDICTPZ—ILEONRL v FORBDBFERSL
1.0581nmT#H > =15 Figure 3-64< 1) T DHEMIEX=0.11 (Pb1.67Mgo.11Nb1.8006.5)[CXY T
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E—DOBRESNECENS, RBICHSTIASREINTORGICH>TESTLESD |

EEZBND,

Pb 8Mg024Nb1 76065 = 0.766Pb ;Mg 11Nb ;1 5905 (3-1)
+ 0.156MgNb,O + 0.581PbO 1}

COTEDS. PMNDERBER LURDMIFICERT D/ OO O PEERLMOMER
(E-EDETIIEL, BIREZILLDBTEDESHCESE,
MEKXD, BESTUHRO/ 1000 PRERENICTUTIRELE

" PO AV OB DN EF N ERECINE T BEHICAT A ICERML TOB2ED0
(8b)1 2V DS BB RMBIC RIBY BEHICHRDOBERIZ6555D, FE. TS
BN AYA FESE TR AV DOSERGIESMOESHNOMHERREBRTRLSEC
RESND” CEVIEREHEBEINTNBEEZSND,

3—6 HWEST/\rO0J0PREBRICDOEREZHEO—IE

Pb-Nb-ORICIEIER DERESEER D/ OO O PRERIEMDHESZN TS, Roth
[23] 5"k EE U IZIRRER (Figure 3-9)[C KB EITFHSRD/ 1 OV O FPEERIEM TH D
Pb1.5Nb20s.5IMh [CPbNb4aO11, PbNb20s, PbaNb207, Pb2.5Nb207.538 & U PbaNb2OsD#E S
 ERDIEEMDEET D, TODBPONbaO11E LU PbND20s, (/57 0047 O PR EEe L
M TIXELVDPb2Nb20783 KUY Pb25Nb2075IEE AR D, PbaNb20slEIEFTSND/ S 07
OPEHERENTHDIEHREENTINVD, RothiICNSDIESMORREBRITEHERS
UTZ, FDSacks [24](32Pb2Nb207Csz.sNb207.50)|E'eﬁ(CPb2.25Nb207.2503ﬁ’fH@Z’2}§D§
BRSO/ OJOPRERIEMERS L TRD, VandenborreS [25](3453K X iR
&RV CIETIBMPbaNb20sDIE R IEEMIT ER A TN B,

Wulf5 [26-29]I[E TN 5Pb-Nb-ORDER DEBIEMOBERREER L. ZTOBRES
ZERITT DT EIC KD ZENFE TPh225Nb207.25, Ph2sNb207.583 K UPbaNb20s & RIRE N,
TEEERICMOBEBIEMERIEZN ZNPb2.31Nb207.31, Pb2.44Nb207.44 3 LT
Pb2eNb2078 THDCEEPSHC U, FIE. Scott [301EWulfS EITTIC Pb2.sNb207.5
B RUPbaNb20s & RIREN TE/ZEREM DB IZHARIZ ZN 21 Pb2eNb18067
(Pb2.44Nb207.44) 35 K UPb14Nb10039(Pb2.sNb207.8) (RIF5R) THAT EEREL TH)
Do WUIS[Z Ko THRESNE—EDPL-Nb-OR D/ N7 O 0 PEERRI DG 832 07E
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F—A%&Table 3-9IC. FIZEMBSEARDDIEDDTIZEFigure 3-108KUV311CHRUE, T
O THICERKRE\RIFFigure 3-10[CTRULEXKDIC, TNS—EDEBEREYIE
Pp2eNb2078ld ERK EITNRTA, a, B, b, C, c&U DB TRENBEEDBEDEHERN
TERINDCETHD, BEAMICIEPD1.5sNDb20ssidAaBbCe, Pb2Nb207id

paBbaBbCc. Pbz31Nb207.31ldAaBbCcbCcAaBbaBbCcAac, Pb2.44Nb207.44(d
pacAaBbaBbCcbCcAacAaBbaBbCcbCel RIREN D, TaHH. CNHODERILIIET
RTSEDBOs\BEDSERL TNBU VT E” UVTONNTS" OBHERTEREN

TR, PO A AVIEUVTBED UVTONTE” OhRCEIILTNS, TO
CEDB, UVITBRIwFIT D 3 —)L FEEBTEBRLPY 1 A VDB TE DM
RIEPb15ND2065sTH D, NDRICK L TPoEN CNIM LEET DMBDEBE. BXIE
YT DRMIBMENT BESIC2RY v F T T2 —IL RHECTPLY AV RTD
MISORIBICERITDRDICEDEMIRTED, X105, Pb15Nb20esk D ENDICXY

G APLEISHEVER{LY TH DPbaNb207, Pb2.31Nb207.31 83 K TUPDb2.44Nb207.44DES
CIEBBT A VIETEOREICL > THUAROLIICEMICAT A FEBY A RMIDITD

CEIITERUY, 6BOBOsN\EEDHERL TN Y TICONTEBTBEPL DR
MBEBETTSDBESEB—THdEEZ5NSD, F/E. Figure 3-11ITRUELDIC

Pb2.aND207.sDEMIBEED DRV TSIERY v+ T T 7 — I FEFERIVESEEL T
WBD, CNIEPOENSTEREDICRIvF YT T4 —)L FEIEOTLDE, BEIC

Bfrg 3Pb? NEREL CTHULWEEEE> TOBRIRTE S, COBETIEPY 7
YOS 6 EAIL TR, BN TRT 4V E0BELU THRRNERSKTDE
Pb2.8Nb207.8/EPb24(Nb20Pb4a)O78 E RIRTE D, TRNHB. CDILEMDPb2aldH &£ D E
VR0 O OPEREEDAT 1 FICEHU. (Nb2oPba)@BY -1 FIHEHT D, CD
HIAE 5 (CPba(ND1.67Pbo3s)Os s RITE, MM LETIHROERILNTHS
Pb1.5Nb206.5& [Bl— Tdh D, Figure 3-117% L 1EPb1.5Nb206.5¢ Pb2.8Nb207.8DBOs N\ EAD
DENDHELBTDIE, ERICEEEIISBTS D, PbsNb078MBOs Tld ') >V
DEERNUBICETE T IEDERET ZVDHIB—-HIEREBL TS EDHDDH B,

MEDTEDBUHEMUNDRATEPY? 1 2V IIHEDEBERKL T\ D6ED
BOs\EHAED YTEEZ VTN HFE" [CUHROBS SEREER TRITSC
EIC K> TN EFNDIABENRERHDLTNBEEZBNE, TEDE. UARM
ADRICONTIIIHSBICT L TREUEEREHSHARDSACERNT EHITUEL
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B, Pb* 1 Y OERMIBEBICEETREZNARMUL TNBEY Y TELTY Y IDH
I 5OBRRIC DN TIIRIIL TS ERIRUIE,

3—7 FE&¥

AE CEIFRIMDBFRBEERDOPL™ 1 A VDAY« M ESETS/ OO PHE
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RUZ, RETESONENBEMTICERBT B,

DI ROBEDERFDIREIZPb-Mg-Nb-OF D/ S+ O 0 PRUERIC DB RED
BEBITRREDMWCUTT >ED, ZORE. COYWESZEEFdImM, BRERIL
a=1.06029(2nmT&H D, A(l6d)r o FHBXTO BT 1 FMIRBERZ DD, L\Fhot+
MCBWTERBOBBILIIRSNENCE, MgIFAY 1 R TIIBLSBY 1 FESELT
BD, OGLYT1 FDFBEBERIF0STH BT ED SHBLIEPh1.8sMgo.2aNb1.7606.5& KX N,
BHDICEDNHSHCESE, BR. COMRISTEDHBESLUBEAEH SELH
=NTW3,
@Pb1.86Mg0.24Nb1.7606.5 CBAS DN SNTEHEBR R P D65 N IBEEIINESDERD

YUBRO/N OO PRERIEMOEBS E—BT3, ChidPh’ OB DU ERANE
RRBOBBICIREENBEHUAEENR N IHENBEDICEETHDEEZI SN
B, ZCT. BWESLUHSRD/ 1 OFOFPEREREMOLEREZEE

" PoY 1 A VDR DB RO EREICINE T BEDICAY A HCEEILTLVB2(BD0
(80)1 7Y DS BUBNRHNICRIET BEDICRDPOBEEI65E5D, E. CTHIC
B AV A FESBT BB 2 Y OEERIESMOEINTHEE EBRT LS
REEND" LU,
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/A ODOPRIERIEMD6 58\ SBREEHISUED SBHNICEET INE S
BN, ZORBRB. BEICOSXS0.240HETIIRO/ - 000 PRERCINERT
BTEDESHICE D COEEIEP-Mg-Nb-ORIC BT BT RD2EEDERIL
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PREBIEMICT L TIIENTHBT MDD o, | |
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Figure 3-1 Single crystal of pyrochlore type compound in
Pb-Mg-Nb-O system.
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Figure 3-3 Precession photograph of Pb1.ssMgo.24Nb1.7606 5.
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B(16c)

A(16d)

- u O(481)
O'(8b

Figure 3-4 Pyrochlore structure based on corner-shared BOs octahedra.
The center of the hexagons contains an overlapping projection of
one A cation and two O' anions.
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‘ ) O(481)
O30 () lone pair

(DO48f)

Figure 3-5 Coordination polyhedra rround the Pb2+ cations
(after Cascales et al. [18]).
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Figure 3-6 Relationship between the lattice parameter and composition.

Resulting phases are also shown.
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Figure 3-7 Plot of the X-ray density and observed density with composition
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Figure 3-8 Relationship between lattice parameter of the surface of the pellet of §
pyrochlore type compound with X=0.24 and distance from surface

after annealed at 1000°C for 12h in air.
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Figure 3-9 Phase daigram of Pb-Nb-O system (after Roth [23]).
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Figure 3-11 Arrangement of BOs octahedra in (b)Pb2.sNB207.s.
Crystal structure of (a)Pb1.5Nb20s.5 are also shown for comparison.
(after Wulf et al. [29]).
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Table 3-1 Chemical analysis data of Pyrochlore type compound in
Pb-Mg-Nb-O system.

ICP-AES (Cation ratio) LECO's oxygen analyzer
Sample weight 14mg Sample weight 5.4mg
Pb 68.66+0.27wt%
Mg 1.10£0.01wt% @) 15.83+0.31wt%
Nb 30.24£0.11wt%
Analytical Composition Pb1.79Mg0.24Nb1.7606.5

Table 3-2 Powder diffractiondata for

Pb1.8sMgo.24Nb1.76 s 5.
h k 1 d(nm) 1/1(%)
111 0.61091 3539
311 0.31998 6.26
22 2 0.30610 100.00
4 0 0 - 026511 32.33
33 1 0.24326 9.88
511 0.20407 426
333
4 40 0.18744 3437
531 0.17921 3.20
6 2 2 0.15984 29.72
4 4 4 0.15305 13.75
711 0.14847 2.84
551
7 3 1 0.13804 6.35
553
8 0 0 0.13577 6.35
733 0.12053 292
75 1 0.12242 1.08
555
6 6 2 0.12163 8.76
8 4 0 0.11854 4.57
911 0.11638 0.46
753
8 4 4 0.10821 328
9 3 3 0.10656 0.30
7 7 1
755
10 2 2 0.10203 492
6 6 6
8 8 0 0.09372 0.90
10 6 2 0.08961 2.75
12 0 0 0.08836 1.94
12 4 0 0.08382 1.41
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Table 3-3 Crystallographic data for pyrochlore
type compound in Pb-Mg-Nb-O system.

Crystal summetry Cubic

Space group Fd3m

Lattice parameter, a 1.06029(2) nm
Lattice volume, V 1.19200(1) nm3
Theoretical density, Dx 734 ¢+ cm”
Measured density, Dpycnometer 732 ¢ - em”

Linear absorption coefficient, ¥« (MoKa) 54728 e

Table 3-4 Final atomic coordinates, extinction parameter and

anisotropic temperature factors for Pb1.86Mgo.24Nb1.760s 5.
R=3.08%, RW=2.83%
Space group : Fd3m, G=0.7527(7)x10"
Atom  Position X y z B(x10?nm?)  Stoichiometry
“Pb  16d 3m 12 12 12 1.53 1.86
Mg 16¢ 3m 0 0 0 0.80 0.24
Nb 16c 3m 0 0 0 0.80 1.76
O  48f mm 03175(5) 1/8 1/8 0.62 6.00
0} 8b 43m 3/8 3/8 3/8 1.86 0.50
Atom B1u B 22 B33 B 12 B 13 B2
Pb 0.0194 =B11 =B 11 -0.0061 =812 =B12
Mg 0.0102 =p1 =B1u -0.0021 =12 =p12
Nb 0.0102 =pg11 =B1 -0.0021 =p12 =812
O 0.0047 0.0094 =82 0.0 0.0 0.0011
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Table 3-5 Interatomic distances.
Mg, Nb-O  x6 0.2006(5)nm
Pb-O x6 0.2693(5)nm
Pb-O' x2 0.2295(6)nm
0-0 x4 0.2887(4)nm
x4 0.2787(1)nm

Table 3-6 Analysis of composition.

from Structire refinement Pbi.86Mg0.24Nb1.7606.5
from ICP-AES and LECO’s analysis Pb1.79Mg0.24Nb1.7606.5
from Adrianova et al. [1](shrout et al. [2]) - Pbi1.83Mg0.29Nb1.7106.39

Table 3-7 Compositions of cubic
pyrochlore type compounds
containg Pb at the A site

Composition Reference
Pb15M206.5 (M=Nb, Ta) [8]
Pb2FeWQOs5 [12]
Pb21no.5Sb1.506.5 [13]
Pb2[Mo0.5Sb1.5]06.5 [14]
(M=Al, Sc, Cr, Fe, Ga, Rh)

Pb2[Ru2-xPbx]06.5 [15]
Pb2[M1.5Te05106.5 [16]
(M=Ti, Zr, Sn, Hf)

Pb2Ru2065, PbTIND206.5 ' [7] A
Pb1.86Mg0.24Nb1.7606.5 [This work]
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Table 3-8 The batch compositions and analytical compositions.

Batch composition Analytical composition
X=0 Pb1.5Nb2065 Pb1.43Nb206.6
X=0.1 Pb1.6sMgo.1Nb1.906.5 Pb1.53Mg0.11Nb1.8906.5
X=0.2 Pb1.8Mgo0.2Nb1.8065 Pb1.67Mgo0.2Nb1.806.5

Table 3-9 Crystallographic data for pyrochlore type compounds
in Pb-Mg-Nb-O system (after Wulf et al. [26]).

Composition Pb15Nb2065 Pb2Nb207 Pb231Nb20731 Pb244Nb207.44 Pb23Nb20738

a=0.7520
Lattice a=0.7472 a=0.7472 a=0.7460 +0.0001
arameter a=1.0567 +0.0001 + =£0.0001 - +0.0001 b=0.7542
b /nm +0.0001 ¢=2.8351 c=6.675 c=9.626 =+0.0001
+0.0003 +0.001 +0.001 ¢=3.2513
+0.0008
Space group Fd3m P3m1 R3m R3m Cmc21
Meagured
density X 732 7.78 7.79 7.96
/g+cm
Theqretical
density , 676 7.33 7.83 7.84 8.08
/g cm
Z 8 8.5 19.5 27 10
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Figure 442 SEM photographs of cross sections of PMN single crystal
(a)(100), (b)(110) and (c)(111) face.

(d) shows schematic illustration of the three regions.
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Figure 4-3 Dependance of atomic ratio on distance from the surface
after annealed at 1000°C 6h.
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Figure 4-4 Relationship between resultant phases and
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Figure 4-5 Dependence of atomic ratio on distance from the surface
after annealed at 1000°C for 12h.
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Figure 4-6 Laue photographs of (100) plane of PMN single crystal
after annealed for 3h in air at following temperature.
(a)before annealed, (b)700°C, (c)800°C, (d)1000°C.
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Figure 4-7 Model for disordered structure of BaTiO3

(after ltoh et al. [6]).

Figure 4-8 Model for disordered cubic structure of the PMN

(after Bonneau et al. [12]).
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Figure 4-9 Result of D-Synthesis.
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Figure 4-10 Model for disordered cubic structure of the PMN (This work).
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Figure 4-11 Change of lattice parameter of PMN single crystal with
temperature. That of PMN powder reported by
Bonneau et al. [12] are also plotted.

113



Intensity / cps

:Thermal

Idecomposition
- >
14OOO_IITI LI T ™TT
! O (110)
12000 LOCO0=0-0=5-CF =050

: C K
10000 |

8000 |
6000 | L. 100) -
_ , —
4000 | Z=\<1?1> F\\A
2000 |
0 :

0 100 200 300 400 500 600 700 800
Temperature / °C

Figure 4-12 Change of intensities of (100), (110) and (111) reflection
with temperature.
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Figure 4-13 Relationship between the displacement from the special position of
each constituent atom and temperature.
@ AWV This work, OAV:Reported value [8, 12, 15].
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Figure 4-15 Schematic drawing of BOs octahedra linkage.
(a)PMN ideal, (b)PMN near room temperature, (c)PMN at 600°C,
(d)pyrochlore type compound at 600°C.
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Perovskite along <100> direction
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Figure 4-17 Schematic arrangement of BOs octahedra
in perovskite and pyrochlore sturcture.
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Table 4-1

Chemical analysis data of grown PMN single crystal.

ICP-AES (Cation ratio) LECO's oxygen analyzer
Sample weight 52mg Sample weight 3.0mg
Pb 73.8+0.6wt%
Ms 2.83£0.02wt% @) 14.6+0.09wt%
Nb 23.420.12wt%
Analytical Composition Pb0.97Mg0.32Nb0.6803

Table 4-2 Thickness of Regions (1) and (2) of
samples shown in Figure 4-5(a), (b) and (c).

Region (1) Region (2)
(a)(100) 39um 16.1um
(b)(110) 41um 17.5um
(c)(111) 43 um 158um
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Figure 5-1 Relationship between electronegativity difference and tolerance factor (1)
(after Halliyal et al. [9]).
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Jower limit in the tolerance factor
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Figure 5-2 Plot of electronegativity (Pauling(16)) difference
with torelance factor in Pb(B'B")Os.
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Figure 5-3 Schematic drawing c_)f appratus
in which samples were heated in
saturated PbO vapor.
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Figure 5-4 Compositions of prepared samples.
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PZN single crystal

- PMN single crystal
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Figure 5-5 Scanning electron micrographs of PZN single crystal before (a) and
after annealed (b), and that of PMN single crystal before (c) and
after annealed (d) in the saturated PbO vapor at 1150°C for 2h.
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Figure 5-6 Estimated relationship between free energy and temperature in PZN.
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Figure 5-7 Change of lattice parameters and XRD intensities of
(Pb1-xBax)(Zn1/3Nb2/3)O3 with Ba content X in the
batch composition.
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Figure 5-9 Crystal structure of PbZrQz ; arrows represent the direction of

shifts of Pb ions ; the solid line shows an orthorhombic unit cell
(after Sawaguchi et al. [25]).
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Figure 5-10 Crystal structure of PbTiOs ; arrows represent the direction of

shifts of Pb ions ; the solid line shows an orthorhombic unit cell
(after Shirane et al. [26]).
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Figure 5-11 Schematic arrangement of (6s)2 lone pair of Pb2+
in the perovskite type compound .
nearest neibors are indexed as #1 and
second nearest neibors as #2

. Spherical cation CD Ph2+
(o)
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Table 5-1  Amount of additives needed to stabilize
perovskite type compound in PZN.

Additive Mol % Reference
Ba(Zn1/3Nb2/3)O3 15 6
PbTi03 50 7.8
BaTiOs3 6-7 9
SrTi03 9-10 10
PbZrO3 55-60 9
Substituti01n< of Pb with ] 11

Table 5-2 Clasification of formation of Pb(B'B")O3 type perovskite type
compounds by combination of the charge of B site cations.

(DPb(B**1/3B% 2/3)03EY, B** =Nb"* (Ta®") @Pb(B**1/2B%1/2)038Y, B* =W°"
[Charge differencebetween B' and B"=3] [Charge differencebetween B'and B"=4]

B?*cation Tolerance factor Formation B2?*cation Tolerance factor Formation
Ni#* 0.994 O Ni#* 0.999 X
Mg** 0.989 O Mg?* 0.992 O
Cu®* 0.987 X cu** 0.990 X
Zn** 0.986 X(A) zZn®* 0.987 X
Co** 0.985 O Co** 0.986 O
Mn?* 0.971 O Mn®* © 0.966 O
Cd** 0.953 O Cd** 0.940 O

@Pb(B*"1/2B%"1/2)038, B> =Nbp°** (Ta*") @Pb(B*"2/3B°"1/3)Oa%, B*' =W**
[Charge differencebetween B' and B"=2] [Charge differencebetween B'and B"=3]

B%**cation Tolerance factor Formation B**cation Tolerance factor Formation
Fe®" 1.000 O Fe®" 1.001 O
Sc* 0.977 O Sc** 0.975 e
in** 0.964 O In®* 0.958 —
Lu®t 0.950 O Lu®t 0.940 —
Yb** 0.949 O Yb®* 0.938 —
Yt 0.942 X \&i 0.929 —_
Er 0.944 X Er* 0.932 —_—
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2+ 5+
Table 5-3 Clasification of formation on Po(B  13B  213)Os and
2+ 6+
Pb(B 1B

2+

electronegativity difference of B cations from oxygen.

O and X marks denote that perovskite type compound can
be synthesized by solid state reaction or not respectively.

12)Os type perovskite type compounds by

2+ 2+ 2+ 2+ 2+ 2+ 2+ '
Cation Mg Mn Co Cd Ni Zn Cu Difference of

charge between

Electronegativity diff ‘and B" cati
OO GBIV AT EIENE® 01 199 194 192 192 1.88 186 B'andB" cations

of B> cation from Oxygen

Pb(B2+1/3Nb5+2/3)O 3 c O O O O (2) X 3

2+ 6+ -
Pb(B~ 12W  12)03 c O O O X X X 4
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CEEDHBTEBNSNIEARDRSNBEDICELND, WFNOFECHNTSE/
« O 0FPREBICENRO TN FRERIEMOERT DIRERELD EiEBER
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HTERTDEALESND, FTE. ROTINA1 FOBEIESNIBREBREESED
FETH®IDE, VILTIVEDBESICIES500CTHADICH L TENMHDFEETIE
400°CREEEMI00CELN, CNIEVILTIVATHERUEZBOBRICIIRDENITETT
BN ZNUADFEELEEBNENICET I DD, BUENBHDCEICKD,. RGHED
BLBRBRCEICHNT D, COEBIEKanNNoS [141DHE L TNDT AV P I LD
RICEEICREN TS, T2, Takahashis [BIDHRE L THVBSIO2 B EICHNWTEED
FBICBVRSCE/IN\r D0 PREERIEMOIERITDENWDEBIE LR UZVILYIVE
TPTONIL D EER T BRICSIFETDE/N DI OPRERIEMDERTDENDR
SERIURETHDIEEZOSND,

6—3 Pb(Zr, T)Os (PZNEREFICHITS/ 1 DU O PRERIEMDER

PZTEEOESREICHIT S/ OO O PREBIEMOREE NI IVER1-26], /Y
B TERT-37). L= =P T — 3 ik[38-401/2 5 UICMOCVDIE411E DR D
FBEICDNWTRED DD, ARICREIEEBRKIC/ - OO D PRER{EMDER T DR
ZECEMRREE/I\NDAXA—-HELTFigure 6-7 (JILT LK) 185 TICFigure 8-8 (/%
HUITE UL—T—=PTL—3aVERKUMOCVDE) [CEEUE,

VIV VDB E TakahashiS [231IEPTOIR S E@HEISIC. SiO2HS X EICEKEBURER
BICIIEBRBIIERICKEL, BESH30~70nmOBRSICE/ S OV 0 PEEEbOE
BERD, BED70nmICRDERDT AN FRERCMERERDCEEZRSLTH
D, FIZ. TakahashiSFERBOMRERBNDILH., BES7onmOBEEBE LICREUREZ
ECTH, ROTRNA FEEREMOBERERDCEERSLTIND, BRBICRKEY
ERBEOMRICDVTENS DD OWEFDRES5ND, TougeS[241I3 TV L 2REAR%E
A3 E600C KD EFPZ—)LBENMENRSICIE/ S OO0 PRERIMHOIHRETS

. BEEMZERNDES60CHP Z—)LTROTR A1 FRERIEMERERDITLE

LTS, E/cHirano5 251307 71 PEERER. MgOBIBRER D KUSITIOS
PEREREICHBUEEZISOCTPZ—ILUEHER. SITIOEREBVEESICOH
BREOBVWROT R FEERIEMOBEBENER ITDCEERSL TND, B8,
Klee5[26]ld T U N—U DBBEZ A BSCEERBEZIETRCEEREL TS,

AN B I TFEESVICL =T =P T —Y 3 VL KBPITEEDS RS
as-depo CEBRK T DTTEEMRA P Z—UVIC K> TERIT DFESREEINTIND, WTF
NOBSICEERB/E T/ S OO OPREREMDER L. ROT RN ~EERIEYD
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FEREETERTD, LRUERDICRNYIUYTHEOL—T-PIU—Y 3y
MOBNICIEEEIENVFEROTROT RN ~EBERCIDOERIENT DEEIHR
EFICIDFTHEHTHDD. Figure 6-8& Figure 6-3ELEND EBNPZTONRDO T X H+
~EEREYIDERBDER T DREIPTOBES XD EHNT LD D,
- MOCVDEMDIBEIC DUV CldYamazakiS[42]. Tomonari 5 [43]8 K UFunakubo 54414
MogOZEERE L. ERBEEZZIESBEEOERBOEILERSL TS, CNH5DH
X Tl3400~500°C TCPZTEER T DEPEIL T 7 ABENMERKT DL, 500~550°C TS
TRENROT AN FEEBIEMOERENERTDEHSSINTRD, /SrO000P7
BEAMCMOERICEET BEMEIR SNV, ULHLEDS, Choib[41]I3SEIRERE
BEICDNT,

OBROBRESOBRIZRENDZNES

QENEHEENEN (BEESNEY 88

(CNNA OO OPREREMOIERT D EERSLTND,

CCT, I\ OOOPREREMDSIER ETERLUOTNCE, BRUERDNSE
BICEBRUDTNERG LR UESIOER EICVILVTIWETEREBUE EEDRRE—HT
B, COCEEG. PZIERECRET D/ OO0 PREBCMOBRICT U CEELR
BESZTNVDEEZLSND,

6 —4 KTaOs (KTEREICRITD/ V1 OO OPRERIEMDER

KTaOsldII/5RMNRO T RN+ FERUERIEMTH D, BEOBRETHANESRI IR
[CIE/ X OO OPRERIEMIERLUEN, ULHOULEDS, TORTENrOOOPEE
B EMDMER T BT EHBREEINTIND, KTaOsEBEBCRESN TN IEBBOREER
{6 &Figures-9[CBIEY B,

Nassau5 [45]/dKTaOs# i ER DXL FERO—S—ETBRISITDEFPEIL I 7 AD
HRDBSNDID,. CTNEPZ—IL T B EB00°C TKTa0sFEIE [FKTaz0s DI ERF D/
« OY0PRERENIERIEL. SSCREELTRE/r0I0PEROTROA
DHREL, 995°CTNROTR N FRERIEMBREBDCEERSLTND, EE.
Pfoertsch 5 [46](34KTa0s « AOs# DTS5 X %&850°C TI0DE P —_—I/LUEIBEICSE .
KeTazOsDIAR E1F D/ S OV O PEERILMHIRSRILT DT E/EL TS, Nassaud
DS EPloertschS DMEELB I DE. EBICEMT D/ 0D O PREBEIIEIL
PFRTHIN. BFEMCONVTIEESEIZ1.0500nmEREL TNVDDICKH U TEBIL
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1.05961TNMERSLTHD. EFOEIWDESND, FE. HiranoSU7IIEIVIIIT VAT
& UTZKTaOsDFREB50°C THAL UIEBSICE/N\ O D PRERILMOERT S
B, KTao.esNbo.3sOsDBSIC IS/ 00 O PREBIEMOBRELELD L. KNbOsDBE
CIIN OO O0PRERIEMEE<ERURNCEERSLUTIVS, S5ICHIrano5

[47, 481IE VLT JLIEIC K BKTa0.6sNbo.ssOsDBEDSEBEREICHNTE/NrO OO
ERRIEMDERTDCEERSELTNDD, COEE. iFAEZEI00°COEBERIRPT
REUVEBESEKER / BEIRP TRRLUEBE TIRE675CICRITDIERILEOBENIE
PEIBL. BEE/NTOJ0PREREMBBEERDOCHL TERBRINOT RN HE
EREMBERERBDCEEREL TS, HiranoSETOBRHICDVWTKRS . BRES
SRNBIEBEHMOBREEROTZINT FRERIENOBRLICEN THIEEZT
AP

6—5 Pb(Mg1/3Nbz/3)0s (PMN)SBIFICRIT D/ O OPEEBRIEYIDERK
6—5—1 /NIDICRITBER

INILD DPMNSE BBSICHE BN T DEEREDREZE{LIdFigure 6-10[CFE & IE, BEAT
PMNESR T DRICRET D/ D UDPRHEREMOMERIC DV TEERIDHRSDR
BN, Inadal49lIEDTAZRLVZ T D 5530~650°C TIIFI 58 DPb1.5sNb20s.sDME K L,
CNn1h'%600~700°C TPLOE R L TEE AR ThHDPb2N2O7THER L, E5[CTnND
700~800°C TMgO & i L TPMN & Pb1.5Nb206. sV T D & 1VD 3 S TRIGDNEST
FRCEERSLTNVD, THICxTL Tlejeune5[50]/d570~700°C TPbaNb20s 4 B
L. TNHB35°CIU ETMgOE R LU TPMNDE R T BIRMOERML TH D, BIRMICE
BER THDPbaNb207%d, IR THDPb1sNbOes M ERTDERSEL TINVD, TN
BOW|EEZITTChenS [511[dPbaNb20s & MgOERE & UTIZIES & PO, MgOB XU
Nb2OsERE & UZIBECDUVTPMNAERDEI DR ELRUE, ULHULEDS. £E560
BRROBSCEERBICERENRSNT. NWTFNORGRBOEBRELSSVODICEL
TRIEBEROTEINTULVEN, BHEETPMNESH I DBESOREROD—DEUEEHBOD
SREHICKDOPMNOEREISHZILUI52]. BREOBEROSRBONICINENDTETH
%, COIEHEBETPMNESHET DEICIISwartz5[53]IC K> TIREZNE, FIFMO
ENb20sH' 5MgNb20e EE R L. TNEPOOERMEEDENDE (DO MK
DPRNSNBDTENBL, COTFEEBRNDE/NTOJO0PREBEMOHRFEIEEAL
LISy gV A AN
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FEE. YT IVEIC K BPMND/ V)L (EChaputS [541 8 KUFrancs 5[65][C &K 0 TER
ENTNBDD, COBEEEDOPMNIEB00CHIRIETEONDERESINTND,

6 —5—2BECHITIERR

- CNETBARNTELELDICPTOPZTE KUKTICHIT B/ -1 DV OPERICERIEMSES
DEBECEDERTREESERLZND, CNEEEESLTERTIBESICIEUEL
ENA ODOPREBREMOERT D, —7. PMNEZEEOBERETHANESRT D5
BLELEUR/NY OVOPRERICMOER T DIEH. KOTZN1 ~OEBEROEH
FELNWTEDFEEIND, PUNBEDOSRKERSIFigure 6-11ICEEUIZ, Figure 6-117)
SNHBELDC. TNETOET RN EREFHIL TUVENERSPMNEEBEOE K
FEVILT IVETIEREBID'R 5N B[56-601 50D, /U IITFEOL—TF—7T
L= 3 VEBIUMOCVDEIC K DERBIZESNEN, BH. PMN-PTRTIEA/NY
5 TEBIOL —F =PI — 3 ViK62][C R BBEOSHBEIRENDID T
NIEBPTEOBBR TR/ Y OV O PRERIEMOEBRDIH TEDLHEEZSND,

6—6 /1 OJOPRERNIRET ZROSREHOFEED

METENTERTENS, ROTRAA FEUERICIOSREC/ - 0T O 7RER
{EMPHIFT BORRDEDBBEE TH B BET BT ENTES,

OIS RABLVBRSETHERUEPEILD 7 ROESRILBROBPERE.

@Y IE TR L ERNOERIBROR PR,

- @SIFIZISIOEHR FICREUIEIERICH | BORRILBROBPEE,
CNBOTER. /3 OTOPRERIEMIZNOT R FEERIENOERICRISE
REVTHBTEETEL, T2, SOEFRNDTOCEEIBE/ A DIOFPRE
BILMDREILSNBITEEFRUTING, BR, TOKIES0DRNH/ A OT0F
REREMOERZES TR TRRIS Lk UIZ RIMIH T EPb-Sn-OFK 63110
Pb((Mg,Zn)13Nb2/3)0sDR B4 TEIRSEHR SN D,

BER. VLT IETRIEY BBSICIER T/ O/OPRERtnERL 0T
SRS UICChoi S (41DWEL TV BMOCVDETPZTRRESHT B, BRIAR
EERST L/ OO DO PRERIEMIERT BEV SHESE, /o OO PRIERIN
DEBICKAROPILIFY I BOL S EEHENTEL TV STREDBBTEETE
LTS,
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NSO ED S, BaTiOsDKRDICNROT AN FEEREMDRETHD., /IN\10O20

OFPBRAEEEMOERDREESNTIVENRTE, BRSEOVITIVEERNWBC EIC
FOPENT 7 RAOBRDERTENEENDERILTIERET/\7 OO OPEERRCYD
PERT BTEMD BB, LHUBHS, BaTiOsDREEND -5 —CETFL TR
FBSICEPELT? AZERE TS F/e. VILTILETHERUREBaTIODY L 0E
EOBSILBRCBNTECNETOET S/ A DI O PRERILMOERIIBESNT
LYVIXLV[66-68],

6—7 ER
6—7—1 RBFIRILF—DER

BFIRIF—FA Z I/ MHBRICTU TR FERBRLU TR AV BRSUICEL 2
EREBRIEHILU. ZORINDERICHENTNDERELEBSICELEINDBREERE
AOMT I P )VIRIVF—THD., 1 ZVEBROIVIIE—-DRBICURUERN
5N, EREIIBROLRILF—([CIFBESBEEBONRT VY v ILIRILF—BSNC,
TP =TI D=V ANICKBDBRENRT VY v/, BRIRILF-DHBD. EE. FH
DWME, HERSDES, 1 AYVOEFHEOVY - T5-NREEE/INBINETH
%, LOWLENS, E—REBHICCNSDMOINTONREERL. BEVEIEROMN
TIUIVINERFIRINF—EHBETENDEMBETINTEDRD DEEBRERNGHAT
TRCEDPRESNTUNDI69], ZC T, AEICEHEBVEEBONT VY wILIRIV
F—EBFIRILVF—EUTUTOEZRZEDHDCELETD,

11 OO O PRERICIOBF I RILF —(IPannetier[70] 833 K UBarker 5 [711{C K> T
BROAY A FRKRUBY A ~OB1 74V OMBSHEICDNWTEESN. Y—TILVD
EHONBREENTNBDT, KB TRTNSOECEDETERORICTUTBFIRIV
F—EBEHELE, 2. I\ O0J0PEREREMUADESHMOBRFIRIVF—ETOY
> AMardel[721 2N TEDB UE,

(1) Pb-Ti-ORICHRITBDRFIRILF—DLLE
PoTIOa(XIETFRDNRO T -1 BB EYD (Z2EEF : P4/mmm, No. 123,
a=0.3986nm, c=0.4026nm) THD, BFIRILF—UEU=4150kcal/molTH D, —77.
Martin[1]IC & > THREZINTNBPO-TI-ORICHIT B/ OO PRERIL) (IHS, 28
B : Fd3m, a=1.04nm) (FHAKDPLTi206 TRENDEEZBHNTINVS, CT T/ O
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HOPRERIEMOESST 1 FESET 0T 7> DEEREXIS IRV (C

03125 <X<0.375FEE TEILL DB PbeTizOe DS SRS DRSN TLVRNE
B, XOBERFHEINTLEN. €T, Figure 3-12(CI3BRMICED DBDINTDXD
Bl UTIREIRILF—ESEUEBRER U 8. BRO/S OVDPEERI
wlcsi L THRESNT WNBXOEDEEIE0.313<X<0.345572& (73] (Figure 6-12(CRBITB
Ny FENIEEE) THO. BLCATA EPLHIEE L TNDIBBICIIXDEDEEIL
0313 <X<0.32082E[74-76) EIEBICLRL. TTTL Pb,Ti,0g —~2PbTiO;  dRIMTUICHE
LV Sr 0D O PEERREMENRD T 21 ~REE D' EIL T D EIRE L TFigure 6-12
CEPTORFIRILF—D2ASOEERUED, COED S IR TOXDEOEHEEICHUY
< ROT 2N ~ESERICOT D S 070 7RERIEME D ERFIRILF DR
<. IRIE—HCEETHDICEODDD, COTERERERESLS-HI D,
Pb-Zr-TI-ORDIES. /OO0 PRUEREI DB ROBRFERSHEENTNENEZSH
%?Ii’s)bﬁ—d)ttmat‘ééfébm‘\ 6 — 3 THRAIELDIC/ S 0P D PRERICMOE
Jﬁ@”éém%ﬁlglﬁl‘a‘mdﬁ%%c‘:—’f’ﬁ’@“%?i&)\ SEEF - EIESICIIEROBRIE
5SNdEOEEZLND. '

(2) K-Ta-ORICRIFTBBFIRILF—DILER

Pb-Ti-OZ EBIREIC K-Ta-ORICDNWTAROT AT REERLID &/ S OO O PRIEE
1b¢7n03f%¥132)bi\f——50.3125§x_s_o.3750)ﬁT%tlj UE&tREFigure 6-13[CR 9. &
B, COSICIEFigure 6-12E BIHRIC. 7T B/ S O D PEREBICD E > TNDXD
EmEE/\y FENIEERCUTRUE, ThDb. K-Ta-ORDIEEEITNTDOXDED
HEICONTROTRAADA ~EEE LR TR0, /{1 OY D PRERICIITER
EHRTHDCENERTED, CNEEBRBRERVN—HETRT,

(3) Pb-Mg-Nb-ORIC BT BBF T RILF— DR
6 —5—1 THMNELD [ Pb-Mg-Nb-OR TIZFERDERERF D/ 07 O P EEERIL
MR T BT EDERESTN TN, REAS THBPo2NoOPIEIRTHD
PbaNb20s (CDIEEYILERCOMARTRBSNT APSYo N - 4%@@/\“7&&:5(:@%
13 4RBt3Pb2.8Nb207.8 T D) [dFigure 6-10(C T LIELSICPMNDERT DRELD B
S DEHTERT D/ 0 HOPERERIENTHD. CNICA L CPb15Nb206.5'D
Pb1.seMgo.24Nb1.7606.sd)§ﬁﬂﬁﬁ’é%9ﬁﬁagad)/\°lj717]'( ~EUZE AR DI PMNOD A R R
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ERBLOTL. FE. '55—"34ET“BZLV\“TC’_CK:')(CPMN@?&’D‘%’#&(CEE@Z?’%D )}

D PMNc‘:?EﬁLL/’(b’Q'bVVrDQD??@?’E@%E‘—FMI&YL?‘D‘%@W{DQD'P?%%EE%E%'C‘
pBEEZEND, DD AHTEBRFIRIVF—S BlCRDPMNE
Pb1.86Mgo.24Nb1.7606.5§EIJPM.5Nb206.50)§ﬁ‘?$€tb$§2$§?}L/?io gENHB. MUTIC
m9 2 E%‘iﬁd)ﬁﬁ\]\ﬁlijb\T%?IZ)IJZ’F‘—-G)EMAUE%& LTz,

0.379Pb, oM 2eND 176065 + 0.295PDO +0.242MgO — Po(Mg JaNb2/205  (6-1)
1/3Pb, sNb,Og5 +1 /3MgO + 1/2Pb0O —Pb(Mgy /3Nb2/3)03 (6-2)
CCT, PMNH?)‘A:U“/?’I’DQD?EE?EM%%(EIH(CB‘U'( ~EERORED 2 BEOB
7Y (MgZBKUND™) HS U AICEBL TN R T RILF—DEBIFE—DR
MEENSEE T REREVTERUIS, gREDD. PMNDIEE (Mg1/aNb2/e) 13 DIRETT
£HBY A LESETBERELTHEUE., TORR, MROEHIESNI.
Pb1.86Mgo.24Nb1.7606 5D FESR T — 2 [Fa=1.060292nm, X=0.31755CHD7AHBF L
ZILF—U(PDb1 .86Mg0.24Nb1.7606.5)!3-9566kcal/m0|'5b’ . Pb1sNb20esDIERT —F IS
a=1.05647nm, X=0.31 34'6'&—)%[75]75.&)%¥I*)b:\:\—U(Pb1.5Nb206.5)(31-1 01 99k¢al/mo|
THd, XIE. PMN, Pboa’o‘&ZFMQOOD%¥I?\)b:\f—U(éi%ﬂ%ﬂU(PMN)-“-—Afos& U
(Mg0)=-1102, U(PbO, red)=-861kcal/mol TH D, ULEHD ST, E-DRORMDIRIV
F—Z{b AU

AU=-4058-(-9566x0.379-861 x0.295-1102x0.242) =g8kcal/mol>0

THD. (6-2)ﬁ0)§m0312<)b:\f—§1bAU(3

AU=-4505-(-101 99/3-1 102/3-861/3)=-4kcal/mol<0

Ei8d, FENOH, Pb1.5sz06.5+Mgo+Pbomi%é—g‘l:latPMNd)ﬁb“%?%?IZ)b=\f—
IR TH DT ENNHDIN Pb1.seMgo.24Nb1.7606.5+MgO+PbO@i%é(C(éZPMNODﬁ
I RE B THDICEETIET Do ShroutB(QZESJE%T‘PMN’&’E;\&@'%’)@ETE’Eﬁ@”
3/51 OO PRERIEMD DD, tt%“&ﬂ’ﬂ@i%f“?&ﬁ?%%d){awg’c\’:%/u'(“b\ﬁ:b\ODIC
Xt L Cs .fﬁ'sn000°Co)ﬁw‘é(:ﬁ%@*é%@lal\/\g&%h‘éb\%tb\5§|§%[53]L/’Cb\%o
E/N ChaputB[54](3‘)‘)!/’7‘)1/3%’(“8@2L/EPMN%E&U)%‘%GJ.%%15@@*&!2&‘0\(@%
EETERT D/ \”\’D9D??E?EEQ%WIEIMQE%/UT(,\Eb\d)(iiﬁL/T\ BERBEEES
< U TN EREICMgD/ A 02 0 PEER{CIm OB FPRICED AFN TN EHRSEL
TLD. Z&B?”ﬁ'ﬁ%BHEET%UE%EFIZR)l/:F“—la*'g/\“'CUMlj’Ex‘%U)EiE(Z&SI‘J%%?
ﬁ%ﬁd)@lf_%’jb\fﬁﬂibﬁ*ﬁ@'ﬁﬁéb\ %T%f%%la*iﬂ5@%&%6“10\%%@%%
ELL—BT D, FIE. (6-2)0)}'52511'\:1%[2%3“(;\E%?IZ)lx:\i‘—d)?r%b‘EPMNOJTU'D“
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BERTHZT EDDDoEN IRILF—EZENTHkealmollCTEF, [FEhs
BIEN, COT EEPMNDBRGERRT/ - 07 0 PEERIEMIRELOTNEN S
BREREL<—HT R, BHCNSOHETRIUETAERS, FFRCHERAEDE
V\Pb2+1 7 Y ESERE L TRDIRSERED, DEDRENEREB TN, SEID
AEEEUTHEENRTINENHZEEZDNS,

6 —7—2 bond valenceDBa&

"bond valence"[77-78][dEREDFEHBIEEDDBHF TAHSANSNRBUHTNDIEETH
3. Chid. EEHETHD 2 BO 7 Vi, iEICvie LD "bond valence"ZIRET D E
 EBUEAZVIDREREPTE > THSRDIOMEVIE T Z Villiss (@D LT
NBINRTOA 7> EDRED"bond valence" DIFITEZ 5NDENDB|ETH D,
ELEYSLoN

Vi:JZVii

VildEBENCUTORTREND.

vy =exp [(Rij—dij)/ b] (6-4)

T CT. Rildbond valence parameter CH D COERFEEALEINTOET ZV/ICK
L TENDBRDOEA ZVERESTIBSICDONTRRENICROSNTIND. KHARTHE
BreseS[771RE LU TWBEERALE, T6-4)CHITDOIEIER(=0.37A)THD. di
(FiliD1 7 REES TH D, bond valenceDETEIIRDKIDEHEICANSND,

[1]) VEEBRERELVTEEDT 7 Y EORSEMIEZHREIDCENTEDLED, &
BT OEXAFSERIT DO RO SNIZ 1 7 st D Z LBH MR TE D,

[2] BEBFICKDESNERFREESRDS. HDY FESBLTND ZYORD
[ DS E% (apparent bond valence) MEETED, COED. BILMBILBAICRHITS
CurAVDOKSIC, BRERFMEEIRIAYDEROY( FEESEIDESIC. BE
DIED 1 7V HNEIRNICSEB T DY FDHEE TEDI79].

[3) ENNTOESHEL (apparent bond valence) DHEEEN 5. HIDEMZEEDPIMCTF
9 3B 7Y ORUSHEADCHIIZESRBCHIINENEEND, BIRE
CaYAIO4XbCaNdAIO4 TIFADBH T DR SR VAIZVA>3TH BN, THIFAIA 2D
EA AV EBLBESLTNBEDICIIBLTNBT EERB L, WICSrLaAlOaTIFRDNT
DS THRVAIZVA<ITH DD, CTNISAA 2V EBEEOBEDHBIVEDICA ZVIE

(6-3)
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STFREL TNDCEEREBL TR EFRSNTNSD80],

AETTILPT, KTES T ESTIENRFESEDIROT R A FREN DD DR
BEEDESICDOVWTENZNAT A FORDITORBSEER (VA EBY 1 ORI DG
SEHVE)ESU0T 1 FOOY 1 FOBMNTDESHER VoDV ZEEL L. ERiEnE
BRERSUE,

(1) Pb-Ti-ORICHRITDEMNTDBSHHE

Figure 6-14l3/ $-f 027 O PEPbeTiz06lZ 81T BVA, VBOX/ YT A —F (CXI T DEILER
g, EiUELDICbond valencelC KD RDSNERA 7 Y DRI OB EEHEISIERLY
S E BT BT EICEIDZDRA AV EBMEEOBEDHEERI D Figure 6-14(d
XOEDICEEL WA (BB ERIS2) [FEFTIENL. BICve BRI MHEII4) (S8
BRI BRCEETRT, VADEN2ETEBEEDX/ YD A~ DIBE0.3351:8 TH DD
(C353L TVBDEN ML IR D EZEDX/ IS5 A —F DEF0.316HHE EDXD DEBNENDRS
N3 EIEPbeTiz06& LV /3 O O P REREMIIBENICRRETH DI LERET
B, X185 A =9 DEIFTERCIL0.3125 <X <0375 FEEE D SN RRCHSS
NTNBXDBEOEBEIEZ 6 —7 — 1 TRAREXDIC0I1ISIXS0345BE0HE (\vFZ&
HFEEED THITOHE TIIBEORESHERVORIX/ IS A-FCHLTELACEID
g, ROTZANDA HSHOEER{EYIOPLTIOsOVoE BT HEINEMEZE > TS
CEDDDBH. TNIEPbTIOD 5D PheTiz0e kD EMBR M1 AV DRBEDRNCEE
=9, FE. VoDIEIC DNV TEPLTIOsD T HRIBHR T T D2THVVEDIBENLRE
THRATED DD D, BRUEBREIRILF—DERSVICRDNIDOBSHEOFTED
SPbTIOslIBF L RILFE—BIICERNTORESHERMIC EPheTi206 LD EREHE THDC
R TED,

(2) K-Ta-ORICHRITIBRDTDRBSIEH
Figure 6-15[3Figure 6-14& B IC L TKeTa20e (/S 027077) &KTaOs (ROTRTJ
£ R) OBENIOBSHRELRUETOY FTHDD. KeTazOeDIBSICIEX/ NS X —
 HOIEN.3125(8ED CEVADEIS TS VBDIEISSITEW, TDTERX/INDA—H
H0.3125MHEDBEI > T BIBSIC[EKTaz0sl ISICIIRETH DL ETIERT
3, UHUEHS, £ET B/ OO PREBIEMOX/X5 X—5[403125&KDERE
BEERD, COEDKTa0sAEF D/ OV O PREBILMSTRETHIEEZ
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5ND. T\ XINSX—F10.3125 KD EAREVMELEIDBESICIEFigure 6-13[CH U=
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Figure 6-2 X-ray diffraction pattern for dried lead-titanate gel
(after Gurkovich et al. [2]).
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Figure 6-4 Effect of the thickness on the modification of sol-gel derived

PT films at 500°C (after Takahashi et al. [5]).
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Figure 6-5 Relationship between Pb/Ti ratio and substrate temperature
on Multi ion beam sputter (after Kanno et al. [14]).
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Figure 6-6 Relationship between resultant phases and Pb/Ti ratio
of PbTiOs thin films prepared by sputter assisted plasma CVD
(after Mihara et al.[19]).
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Figure 6-12 Change of lattice energy in Pb2Ti20s with X parameter in oxygen 48f site.
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Table 6-1 Result of bond valence calculation in Pb-Mg-Nb-O system.
Pb(Mg13Nb23)03 [82] Pbi1.86(Mgo.24Nb1.76)06.5 [74] Pb1.5Nb20s.5 [751]

a/nm 0.4049 1.06029(2) 1.05647(2)

X - 03175(5) 0.3134(1)

VA 1.58 1.86 1.80

VB 3.63 432 4.92

Vo 1.74 1.83 1.93
Vo — 227 1.87
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Study on the crystal chemistry of lead containing pyrochlore and perovskite

type compounds

Naoki Wakiya

Introduction

Perovskite type compounds have been widely used as dielectric and
piezoelectric materials. It is well known that undesirable pyrochlore type compounds
often form on the synthesis of lead containing perovskite type compounds.

Pyrochlore type compounds can be classified into two groups and electron
configuration of A site cation is responsible to the oxygen nonstoichiometry. In the
case, A site cations are spherical such as Ln™ (Ln represents rare earth elements), Ca™
and S, pyrochlore type compounds do not have vacancies at any sites and their
general formula is A:B:0:0". On the other hand, in the case A site cations are not
spherical cations, pyrochlore type compounds have vacancies at A and O sites and
their general formula is A>vB2OsO'x.

In this work, pyrochlore type compounds were classified according to the
existence of Pb* cation at the A site, and for each system, formation conditions were
proposed from the point of crystal chemistry. Moreover in this work, mutual

relationship between perovskite and pyrochlore was also investigated.

Formation conditions for pyrochlore type compounds which do not contain Pb
at the A site

In this section only spherical cations were discussed as A site cations. So far
there were only few reports on the synthesis of pyrochlore type compounds with
mixed cations at the A site, that is, (A*,A*)B*20:0' type. In this study, formation
conditions for this type were proposed from the point of crystal structure.

For pyrochlore type compounds with general formula, A2B:060', it was reported
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that interatomic distance between A and O site cations is longer than the sum of ionic
radii and interatomic distance between A and O' is shorter than that of ionié radii.
Therefore it is expected that following formation conditions should be required for
the stability of the pyrochlore type compound with mixed cations at the A site.
- For A* cations which have large ionic radii, the A* cation should be apart from
puckered hexagonal ring of six oxygen ions. This situation is expressed by the
following; Ad(A*-0)=d(A-O)-(ra+10) > 0, where d(A-O) is interatomic distance
between A and O ions and ra+ro are ionic radii of A and O ions respectively.
For A* cations which have small ionic radii, the A* cation should be contacted with
two oxygen ions normal to the mean plane of the hexagon. This situation is
expressed by the following; Ad(A*-0")=d(A-O"-(ra+r10") <0, where d(A-O") is
interatomic distance between A and O' ions.
To ascertain the hypothesis, pyrochlore type compounds were tried to synthesize for
various combinations of cations. Fig. 1 shows relationship between Ad(A*-0O) and
Ad(A*-O"). In Fg. 1, closed symbols indicate the combinations with which
formations of pyrochlore type compounds were identified. As shown in this figure,
all closed symbol lies in the second quadrant. Consequently it was clarified that
proposed formation conditions were prerequisites and four new compounds
(Ca,Ce)Sn207, (Sr,Ce)2Sn:04, (Cd,Ce).Sn20- and (Ca,Ce).Hf:0- were synthesized.
For (Ca,Ce)-Sn:0- and (Sr,Ce).Sn:0~, the compositions of single phase region
were also examined. As the result, it was suggested that part of Ce cation takes tri
valence to maintain electrical neutrality in the crystal. Fig. 2 shows relationship
between lattice parameter and ionic radii of A‘site cation in Ln.Sn:0O- pyrochlore type
compounds. In this plot, ionic radii of A site cation of (Ca,Ce):Sn.0- and
(Se,Ce).Sn:0- were calculated from each occupied ratio of Ca™, Ce™ and Ce™. As
shown in Fig. 2, the plots of the new compounds fall on the line connecting the plots
of other rare earth stannates. This fact evidences that part of Ce cations is tri valent.

The reason part of Ce cations takes tri valent can be ascribed to the crystallographic
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requirement.

Formation conditions for lead containing pyrochlore type compounds

Lead containing pyrochlore type cbmpounds can be classified into two groups,
that is, cubic pyrochlore type compounds and non-cubic pyrochlore type compounds.
In this study, formation conditions for these two groups were discussed.

To determine accurate composition of cubic pyrochlore type compound in Pb-
Mg-Nb-O system, a single crystal was grown using a flux method. The composition
was analyzed by ICP and LECO's oxygen analyzer, density measurement and crystal
structure determination. The result of crystal structure determination was shown in
Table 1. As the result the composition was determined to be PbissMgo24Nbi76Qes
(Table 1). Comparing this composition with other lead containing cubic pyrochlore
type compounds, it was clarified that oxygen content 6.5 is common to these
compounds.

Due to the existence of rod-like shape of lone pair, Pb* cation has strong steric
hindrance. Therefore large void or interstitial is necessary to accommodate the lone
pair. As shown in Table 1, the site occupancy of O’ site is 0.5, which indicates that
half of O' cation is missing. Consequently, it is expected that the lone pair should be
accommodated in the vacant. Schematic configuration of the lone pair was shown in
Fig. 3. Table 2 shows interatomic distance between each cation and oxygen
calculated on the basis of the structure determination. From this table, the weighted
average between Pb-O and Pb-O' distance turns out to be 0.2594nm and this value is
in good agreement with the sum of ionic radii between Pb* (7 fold coordination) and
O”. This result supports the hypothesis that Pb* cation takes 7 fold coordination at
~ the A site of pyrochlore type compound.

From these results, formation condition for the lead containing cubic pyrochlore
type compound was proposed as following.

"To accommodate the lone pair of Pb* cation, 6.5 of oxygen content is stable and the
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site occupancy of A site is to satisfy the electrical neutrality in the crystal." If the
hypothesis is true, a series of pyrochlore type compounds with chemical formula,
PbesxMgxNbe2xQss, are expected to exist. Fig. 4 shows relationship between lattice
parameter and composition. This figure shows that lattice parameter linearly changes
“between PbisNb:0ss and PbissMgo24Nbi760ss. Consequently, it was confirmed that the
hypothesis was true.

For lead containing non-cubic pyrochlore type compounds, following kinds of
pyrochlore type compounds lie in Pb-Nb-O system: Pb.Nb:O- (thombohedral),
Pb23:Nb:01s1 (rhombohedral), Pbz4:Nb.O7.4 (rhombohedral) and Pb:sNb.O7s
(orthorhombic). In this study many reports on the crystal structure determination
were reviewed and concluded that the formation condition proposed for the cubic

pyrochlore type compound can be applicable locally around Pb* cation.

Formation conditions for lead containing perovskite type compounds

It is impossible to synthesize Pb(Zn:sNb2s)Os (PZN) by both conventional solid
state reaction and sol-gel method, it can be synthesized under high pressure or it can
be synthesized as a single crystal in the excess PbO flux. Moreover PZN can be also
stabilized by partial substitution of A or B site cations. In this study, stabilization
mechanism of PZN and formation condition for Pb(B'B")Os perovskite type
compounds were discussed.

As mentioned above, pyrochlore type compounds have large vacant to
accommodate the lone pair of Pb* cation. For perovskite type compound, there are
not such a vacant. However as shown in Fig. 5, there are rather large interstitials
toward the <100> direction. Therefore it was expected that the lone pair would be
accommodated toward the direction. Fig. 6 shows the effect of substitution of Pb*
cation by a spherical cation. If one Pb* is substituted by a spherical cation, the effect
of steric hindrance would be disappeared around the spherical cation. Therefore for

the 6 nearest neighboring Pb* cations, the lone pairs would be accommodated toward
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the direction. For 12 second nearest neighboring Pb™ cations, two hatched directions
would be probable for the lone pairs to be accommodated. For the 8 third nearest
neighboring Pb™ cations, three directions toward the second nearest neighboring Pb**
cations would be probable. Therefore in the lattice of perovskite type compound with
each cell edge is 2a, the number of lone pairs to be accommodated without steric
hindrance would be estimated by the following calculation.

L 1_
6x1+12x 5 +8xz =147

since there are 26 Pb™ cations in the lattice of perovskite type compounds, another
spherical cation is needed to accommodate all lone pair. Consequently, minimum
content of spherical cations is expected to be

) B
2 x 100 = 7.4(%)

Actually minimum content to stabilize PZN by substitution by spherical cation is 8 to
10 % and this value is in good agreement with this estimation.

In this study, formation of perovskite type compound was classified by the
combination of the charge of B' and B" cations and followings were clarified.
If the charge difference is 2, tolerance factor riles the formation of perovskite type
compounds, and if the rcharge difference is more than 3, it is impossible to explain the
formation condition by tolerance factor. In this case, as shown in Table 3, the
difference of electronegativity between B' cation and oxygen should be large to

suppress the mutual interactions between Pb™ cation and B' cations.

Thermal decomposition behavior of perovskite into pyrochlore type compounds
- Pyrochlore type compounds often forms on the decomposition process of lead
containing perovyskite type compounds. In this study, change of crystal structure of
Pb(Mg:sNb2s)Os (PMN) between 27 and 700°C was determined using single crystal
high temperature X-ray diffraction technique. Several kinds of shift directions for

each constituent atom have been reported until now. However, from our refinements,
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it was clarified that for Pb and (Mg, Nb) atoms the optimum shift directions were not
a single one but spherical shifts were plausible, and for O atom the distribution is two
parallel rings away from XY plane. On the basis of this model, the mechanism of
thermal decomposition of perovskite PMN into pyrochlore type compound was
‘analyzed.

Fig. 7 shows relationship between displacement from special position of each
constituent atom and temperature. Thermal decomposition begins at 600°C. Fig. 7
shows that displacement of Pb and (Mg, Nb) atom does not change at 600°C, on the
other hand, that of O atom drastically increases at 600°C. Consequently, there exist
long and short (Mg, Nb)-O distance appears due to the difference of linear thermal
expansion coefficient against Mg-O ahd Nb-O distance at high temperature. This
state can be interpreted to be slight rotation of BOs octahedra at high temperature.
Fig. 8 shows schematic arrangement of BOs octahedra in the perovskite and
pyrochlore type compound. As shown in this figure, B-O-B angle along <100>
direction in the perovskite type compound is 180° , while that along <110> direction
in the pyrochlore type compound is zig-zag line. Therefore it can be concluded that
slight rotation of BOs octahedra in PMN becomes the chance to decompose into

pyrochlore type compound.

Comparison of the structural stability between perovskite and pyrochlore type
compound

In this study structural stability between perovskite and pyrochlore type
compounds was examined from the point of laftice energy calculation and apparent
bond valence calculation. Moreover phase stability of perovskite type compound
with general formula, Pb(B'B")Os, was also discussed.

At first, Pb-Ti-O system was discussed. Fig. 9 shows that perovskite PbTiOs is
energetically more stable than pyrochlore Pb;Ti:Os. Fig. 10 shows that the bond
strength of perovskite PbTiOs is tighter than that of Pb.Ti:0s because the value of
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apparent bond valence of perovskite PbTiO:s is larger than that of pyrochlore
Pb:Ti:Os. These facts indicate that pyrochlore type compound is a metastable phase
- and therefore difficult to form, which is in good agreement with experimental results.

Secondly in Pb-Mg-Nb-O system, lattice energy was also calculated. As the
result, it was clarified that the difference of lattice energy between perovskite and
pyrochlore is small. Table 4 shows the result of apparent bond valence calculation.
From this table, it was clarified that the bond strength of pyrochlore type compounds
is tighter than that of perovskite PMN. These facts indicate that pyrochlore type
compounds which form on the way to synthesize perovskite PMN is difficult to
disappear. This result is in good agreement with experimental results.

Fig. 10 shows relationship between apparent bond valence of oxygen (Vo) and
electronegativity difference for various perovskite type compounds. This figure
indicates that the value of Vo is smaller than 2 for lead containing perovskite type
compounds which suggest that the bond strength is weak. In this figure, it was
clarified that the Vo value of PZN is smallest of all other perovskite type compounds,
which agrees well with the fact that perovskite PZN is an unstable phase and is

difficult to synthesize.

Conclusions
In this work formation conditions for pyrochlore type compounds were proposed
from the point of crystal chemistry and mutual relationship between perovskite and

pyrochlore type compounds was clarified.
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able 1 Final atomic coordinates, extinction parameter and Table 2 Interatomic distances.
lisotropic temperature factors for Pb1.8sMgo 24Nbi.7606.5. Mg, Nb-O x6  02006(5)nm
7 R=3.08%, RW=2.83%, Space group: Fd3m, G=0.7527(7)x10" PO %6 02693(5)nm
fom  Position X y z B(x10”nm’) Stoichiometry PhO! x2  0.2295(6)nm
% 16d 3m 12 2 12 1.53 1.86 0-0 x4 02887(4)nm
Mg 16c 3m 0 0 0 0.80 024 x4 02787(1)nm
b 16c 3m 0 0 0 0.80 176

Weighted average between Pb-O and Pb-O'

0 48 mm 031755) 18 18 062 6.00 distance : 0.25%tnm

0 8 43m 38 38 318 1.86 0.50

Atom g11 £22 B33 B12 813 823 Sum of jonic radii between Pb2+
Pb 00194 =811 =11 00061 =pg12 =g12 (7 fold coordination) and O2- ; 0.261nm
Mg 0.0102 =11 =11 -0.0021 =812 =512
Nb 00102 =411 =411 -0.0021 =812 =812

0O 0.0047 0.0094 =522 00 00 0.0011

189




Table 3 Clasification of formation on Pb(B2+1/3B5+2/3)O3 and Pb(B2+1/?.B6+1/2)03 type
perovskite type compounds by electronegativity difference of B> cations from oxygen.
O and X marks denote that perovskite type compound can be synthesized by solid

 state reaction or not respectively.

Cation Mg2+ Mn2+ C02+ C d2+ Ni2+ Zn2+ Cu2+ Difference of

charge between

- Electronegativity difference .
201 199 194 192 192 188 1.86 B'andB" cations

of B** cation from Oxygen

PoB*1Nb 2303 O O O O O ( K) X 3

PHB* 12W ' 12)03 O O O O x x X 4
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