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High-Temperature Phase of Calcite — A Hundred-Year Old Mystery Has Been Solved —
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Since Boeke’s finding of a reversible phase transition of calcite (CaCO;) at around 1243 K (H. E. Boeke, Neues Jahrb. Mineral.,
1912, 7, 91), and the following W. L. Bragg’s structure determination of the room temperature phase I (W. L. Bragg, Proc. R. Soc.
London., 1914, 489, 468), the high temperature phase V in calcite has been a long-held mystery over a hundred years. In this article
in Japanese, the history of investigating the structural evolution of calcite at elevated temperatures is first mentioned briefly, and
then, the structure of Phase V, finally determined by the in-situ single-crystal X-ray diffraction at temperatures between 1240 and
1275 K in a 0.4 MPa CO, atmosphere (N. Ishizawa, H. Setoguchi, K. Yanagisawa, Sci. Rep., 2013, 3, 2832), is reviewed. The
importance of the use of probability density function in describing the behaviour of carbonate groups is stressed, because the three
oxygen atoms of the carbonate group are supposedly running around the central carbon along the undulated circular orbital in Phase
V, like “Tigers turned into butter” (H. Bannerman, “The Story of Little Black Sambo”, Grand Richards, London UK, 1899).
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1. [ZC&MHIZ

F1RA (calcite) 1ZfREE 1 /L3 7 b (CaCOs) DEFE D —>T
bb, FiRAOHEZ MR THO THRE LIZOIE, 1912 412
X BEHFOBREICTTL B 2dsind =1 L1575 v VO
(d 135S ORFINGE, 0 13fb&mE & X B2 /AE, 1L XK
DWE)ZFRL, 1915 FI2 /) — VL ELXRBZE LTS
VI RFDIHD, ¥ W. L. Bragg TH D, #3iE“The
Analysis of Crystals by the X-ray Spectrometer” & V9 @ H T
1913 4E 11 H 13 HIZ Proc. R. Soc. Lond. A IZ#%f& &4, KD
W. H. Bragg WHEA L, FH 27 BICZHINTWS[], 2D
FSCTIE AT Tid7e <, PAFEERSE [sphalerite, (Zn,Fe)S],
A (fluorite, CaF,), BEERHL (pyrite, FeS,), 7 U il (nitratine,
NaNO;) , ¥ JK fi [dolomite, CaMg(CO;),], ZE~ > I ¥k
(rhodochrosite, MnCO;), ZE&kHL (siderite, FeCO;) 72 £, %<
DEANEREYOENIERR/ICEESNTEY, &
RS R OGS B 2 &GRS E Vo TE W, Z Ok
W.L.Bragg 1 23 ChH o 7=,

LT AT, FRRAOHEENRESND 1 FRID 1912 FIZ,
SFY, BLERBETORTESENHIEEZDOLONRFRE
MOENTWehoTz o TELWERIZ, H. E. Boeke I3 J7fi#
ANERTHIEETHZ L 2HE L TWAH[2], 7238, Boeke
(1881-1918) (34T " X HEH T, 1908 FI\Z KA Y DT AT
4 b R ZOHIRITHE L TV 5D, RO T V&L
FA4TF7YV—=THD JSTOR DT —hA 7121, ZOFHILD
FEHEE L CHRD L D REH N D D,

1600 °C, 150 XUEE CHEIFETEHEELMFE L, 20
LEE T, FRAEERITI CMIERFLZSERVERKT
1280 °C THfREJICRlE L7z, REEI LU A EBRE DL
v LAORARNRIL, 1218 °C TE&EM CaCO; : CaO =91 : 9

O E L THMMEERS Z e <Mk L, 970 =
5 °C |25k st (inversion point) 23 ¥, Z OWBEELLF CH A
NEZEMTH D] (H. E. Boeke, “Die Schmelzerscheinungen und
die umkehrbare Umwandlung des Calciumcarbonats™[2])

FfEAORBIBMRORKE, 425 101 FRicREERINTZZ O
WML AEFE LTV D, ZOM, £ OENEARERLN,
Fe, MLASNTE T, HDHDIEI O XS IR
WEEREL, BHLDOITHENNCHDL EXERL, Rl LizE
FHRICEST, B, ARICBIT D Z O ORI
BE—oR T ETHE, X BICKOREEMEDOREL L
THHOLNDFHFZICHEZ ZZ T LI 1927 4,
25 W DRFIZHAI L7z, “On the Effect of Temperature upon the
Crystal Structure of Calcite” & #H3~ AWF9EiH L TH 53],

TR0 O EiRARIC 4 B & 1T 72 D1E Mirwald (1976) Té %
[4], HITESSERE R X ORERGITEIZ L > THiEA O
EHEARERRS 2 50X, W. L. Bragg O 7= iRt (22 % R3¢)
% 148, Boeke ORI L7z@iEi % VM E AT, 11, 11
BIYIVAEATHLOFROBEHIZE S, £, Mirwald
DWEDANS, HFADOEmEME LT IHE, BXLO I HD
FFAE?S Bridgman (1938) IC X > THE SN TV NS THY
[5], &iT, Ziud Mirwald B & OBFFERE TH D23, 1%
IEL T < &, Boeke MFER L7z V AHIZEIZET 54 LATD
BR800 °C b HEHAENDS &L, Tk VLA
FnbThH D, Mirwald OHETE L 7= A OIREEE S8
1712 Carlson (1980) IZ X > TE & LA TV S (Fig.1)[6],
LinL, ZOIVHEZRERTLHELZ0O%E BT,

FREA ORI 518 = O K72 W9 O B8 % N
[R5 Z LIFEHEIIIRARETH D L, Fo, AROHHE
WCEoTHHERTHD EIFRZ 2, ZZTHILAHKo=
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Fig.1 Phase relations in the unary system CaCO; after
Carlson[6]. Dashed lines represent metastable equilibria. ‘A’
aragonite, ‘I’ through vV’ calcite polymorphs.

Ry VH(EEENEZD)FRERBNTHICED D,

WG MEAT 2 M & 3+ 5 F I & 5T, Markgraf & Reeder
(1985) 1T & 2 FfRA & #3547 (magnesite, MgCO;) O = iEAE
ERIHOMIED—>DTHR Z R L TWSH([T]. EHIFH
TEIZ S I8 U 2 M8 RT3 2 VO 7 B s X E T SRR 2 ==
56 800 °C (ZEE A% L TiL 500 °C) £ TITV, #EO
REREE, HEROBEE EOFEMRT — X 2R L
7= FTo, $HETHERT S TLS a2 CO; ZICHEA L,
C-0 fEAREOBERFIEZ IE L < R 7z (i@ O &R o
RV FTE CO BAERITAREL LHICELI DLV HHFY
RAERPERTV, 311 B, £ L THELO/®IT T2
OIREFEFRIAEBITI A O N o) LWV ) bDIEoT,
MR, 72& %2 Mirwald OV 9 IV ARIZ LTS, 800 °C LL
BB LB WO D, ZIUTER, A O SR
B EBET D LD TIEZRV, LA L Markgraf & Reeder ®
X EGEe L, HODOARDOERT IV B LWV L fE
THZLETHo72A, 800 °C ZHBZ 5 & BiIREEN ST L Chb
AENTLEY, EBRPFEE ERAREICR-sTLESRT
EDF D, FSLOITHEIZIZEIEOKE LR E > T, %
KUY Z O E BIC LT (EE L E D) %< ORI EE
L, HOFEERERENT%E H > Markgraf & Reeder O 27 /L—
T TCEZEBEONEZLNRVDOREND, B2k 5%k
ECTHBEAOMERZH2013E ) EH#EA9 ERbES
e+ CThot,

LML, Fr7 0y VKEEFLE LIEMEISNV—T13H
E Do lo, B 80 FEHTND 00 FEETET,
HHLOIIFHTEIIT, H25HDIEXMT, H5HOILE
B Il —va (FELTHTEANFE T, L0HE
BIZENENOEME LML CTHFEL 5L, FHEADOH
R A BN~ T2, BRI, TR OZERI SR E T 5 O
EEELOWHRIZE T DKM 70 B B R ORERIIRFSE, £ LT
BB OV TOFRLZEGRIIMOBREATF I RN E D
Eole, FDIEFIZSL DA 2005 12 Dove HIZ &> THY
W & #17=“Neutron powder diffraction study of the orientational
order-disorder phase transition in calcite, CaCO;”[8] TH A 9, Z
DIFEICIBNT, 1 HIXH AR AR Z RIET R & &bl
W]V AREERE AL, SIRMREPETEYTER LT
VY, 1200 KiEF CORTT —2 2 WA 5 Z LICI Lz,
7k, ZORELETIIEIBERBT ABNAF DU DR
BL, ERBERICR STl FIE L LRI TS, U
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— F UL NEZR I X B D OfFENTRERIIE R IZN, Rl
WWISTICR D &, VHOZEREEE B IS5 R3m Z0E LT
BALIX CTE 2otz %, $£72, Mirwald D FHE L7 IV HH
DIFEIZOVWTHEREMN R REZ BTN D, ZD%, #b5
DI N—TIIHFAET 253 E (EZFOMDHED ) ENT
1,\73:1,\0

2005 =D Dove b DI OFEIME Z DX IIFELT &, HE
DI LWERE BT DO TR -2 L9 I L b
L0 LR, TEDCE I b Livey, LavL, E&1T
DML ETAET IO D DO EL , i, 1189
K(ZOBREIFIERLY HO0ESAFELONTWDH L HICE
N DORER RN SHE BN 7 — U =&KX (R L8],
p.498, Figs) 3z 4To, Z2¥AR5, ZZi2i IHEMETH
5 VHOBEDOE LWEEESA] BDRZATHWELINLTHD,
BELL, ZE, ELWEZEZMSEZEICLORZRVG
DIREDTHAH, ZOWRTREIZOWVTNET, AR
NIR->THEI,

D%, TR O IR & R R X REIPTE T~
LDEBRRERELZI LD N—Thb@ESN, £V —h
L MENTH COs ZEOBLFNZEE T 2B - MELFE T /L Tif
FrEan<Tund, BFEKROEL S13Mmd CTEMTH 503,
EARMNZZOHBEET ML IVHOLDOTH- T, TOIDH
WCEIRIZH D VO L O TIHZRW, BRETCEHEEIND Y
— FUL MEDOREKE RS TWDEEZTS, Thbb, [
&L, 28BS Ko THBE S IV FFE D Wyckoff Ji % F5 &
FFNERTDEZ Lo THRERSTWS] LWV HEX
FiE, VHOEFEEEDR DR LbBRILOTHD LD
WS, ZoZ LiX3.118TH 540 LEKRKICHR~3,

BEXNToNVELS RoT LEoTm, AREOE—DOBEK
i, i, Fx NEIREMSS XREITEEZAWTHL ML
FHMRAOEEMEV, BLXOREMEIT EEEMR VORCH S
FRAE IV ICBET ARERSC9)E BAGE TR TS 2 LI2dh
b, BZOHMIE, REEH ADFESEEENSHTHLEET £,
FFEA OEIR TOBENEENOGHAL L2 LR ADZ LI
HD, FIEOMMERIIKRF DOREEA AFENE L, WHBAKIZE
i LTz IR A TR DR LTz Ca A A EXISL, R
fE LD A (CaCOy) & LCEb SN, —F, REEH LV
T LNEROF R, BV REFCEERD 4 %EIREDHREY
AD—DThHbD CO, & LTHHT H720, HERBREEICGA 72
BEE 2 TWAESbITW5, REET A D E R~
EVEIE S TEER 7 0 A TR G R R EICEE R Db Y &
Ho, LML, WEIEIREZ LI, Z0by sk
Feh vy AOERICBIT 2REELI 2 0, L b
Do TWRWORBRTH D, AENEOFRIZD L THE
SNTIEEWTH B,

ek, HRAO VX, %ThD & 912 0.4 MPa O RER
HAFEFAKT T, 1240 K25 1275 K D=-7235 KD T
UEEICHFIE L2V, AR, Losb i dibic
BOWTORGFET D HOERITAOZIZI-DDIZA I &
BAABWEE LLZe, fEXNC, HERRE TR B
LD, Bl 2 X8RO KRKOREET AL 95 %, 4
EREOKRKKIEIZ~9 MPa, EEIX~740 K LH#HEINTWND
[10], ZOERETIE, @ERMEITIIT D FHHEA O IR EMH
WX VNS ZNIZERZ T2 b D TlEARY, ZEDOKKREZK
BL, BOEE (2D HEREREICEZ RKOIRE - J£5)
WABOBELTZEDOTEAERMEEAD LTEE2LHD
LRI (2 & ZIE) . SHERBREE TR D REET 2 D[E
1R 5 OBLBEC B 5-9° % BREL I D it i D IR & AR Lo B
BT O EbERLBEOHDLZLELEES,
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2. XB

2.1 #HREDOERK

R N T 5 R A S I A PR B b BT IS B
WOKBWETERR SNz, FERXOLFNEE Th 5 ma
KFNNBREEIR L D 7V —71%, TROREE L™ A
3R (5.00 g) % pH 7.5 ICFHEE L7= 5 MIEET > &= LKA
% 1050 mL L4 14 L OF 7 e VARV, A— K7 L
— 71T 145 °C £ TMEL, 250 rppm THER L2235 7 h{R
Eifg, 25°Ch" THRE L TARREEE TS,

2.2 EBEFEER

BRE S XRREIPTERIITERE R IR Mo Ko) 2 AV, —
WILDOBMHES R HRHER 2 0H 2 7 o BhEER R 264 A
L7z, ASF X HZ 030 OF ¥ BTVl A—FEHNTE
LTz, BEOHEEREPTERT, FI7 A%y T VRIS
BERE AT 11772 0.1 mm FRE O K E S OB RFEE H
WTIThbi s (Fig2 /), miRFERIX, Zof&ICmEL -
BRIA, HDOVIFERERE AT T RbBKRTIT
bbb ENZN, ZoXIICLTERETDLE, FRAIX
BLZE 500 °C mitk THUREEZBIMA L, #EOREREEL
TeEEBLT LT T L (CaO) D RESIRIZE(LT HDT
BRTEMITEE 2 L FHIN TV HIHEERIIBE &R
A

TR DBGMR SR (CaCO; 2 Ca0 + CO,) IZBET 5 Efri
e A7 A 53 B LR OBFRIZEEIZ A 5TV A [12], Figd 2R
FTLOIE, bL 1270 K THEBRSD LT5H L, OO
A RER N AEITK 4 RIETH D05, BIGROER CTH
B ABET A LIIRFRETH DL, £ T, KET ATRH
ST CRHERRABZ U ITI AR ETVICHEAL, ¥
7V OmMERE Lz, BEH ISy ETVROEE»D
1270 K IZ81F D mREEH A R 2 AR EF BRI L - T
RELD LN 42 [IEE D, EMITERT 2 Z L7 <M
LI & PREINE,
FERETVIT T AOBWROAEEZFA LT, Bt
AV R EOBBREERNEROCTICHERE VY AT T AX
YT UNICEET D HEERELE Fig2 H), Z0X)
LT, BUREEDOERNICE X 2B L EEE (b E S WIcHE
W45 N TE, ERUAEEGEIZERSH 1300 K
OEHETH D, EFFEREZRTEMBEERNIE RO T, FHE
AL OB (Table S1-S4) 8 L OFE S FRIE®R 7 7 1 L
(CIF) & s 72\ [9],

fENTIZIE Jana2006[13]1% £ & L CfEA L7z, 3.7~3.8 HiT
AT IMEEEEBROHESRT vy VR ICIE
Mathematica (Wolfram Research) # 3= & L CHV 7=, TEREE
BE%L D S35 i i 0 TR oA FEAE B E X O ERRIZIE Vesta
[14]3#5 & Uf Diamond (Crystal Impact GbR) & i\ 7z,

hs11 in air

Fig.2 Calcite crystal hs11 mounted in an air atmosphere with
ceramic adhesive (left), and hs25 (right) sealed in the silica glass
capillary under a CO, atmosphere without adhesive[9]. The scale
increment is 20 pym / graduation.
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Fig.3 Temperature-pressure diagram of the decomposition of
CaCO; into CaO and CO. after Jacobs et al.[12].

3. 8

3.1 [’

Fig.4 12 hk0 33 X O bkl A& - 1H O EPTHR OIRE L % 7”7,
BIPTBE R O —HEE, 11 GEmARSER, a~499 A, c ~ 17.1 A,
ZERERE R3c) DANFHETTHREZ ST T b, 15620 X° 240 &
W o T2 IEREE O & & 5 30AS T T 5 |2 WS 7 B 4T 58 203 -
HELbITBN, REICHWL D, —FHT, BEHLZN
1927 FEZERANC R U2 K 9 1Z[3), [ MEER & 7 2 34& 1 a5
OFEHHREIIAR L & HITKFEIZTHE 2D, 1275 K TREAIL
WET 5, LavL, 20 1275 K IZBWTH 1420 72 EORE
BELIXEZRAITRT EIDICFEELTEY, b3 HEE
EEE LCHEL - HET2HOLOTIEARWI L& RE L
T3,

1275 K (28T 5 hkd (1 w750 S5 OVEBBIXEIRFE 0 F) O ¢
o7 2 L BB T D, o BuEmIXIH A, 2SR
W R3m (2725, ZHNEBMAV THb, 1275 K M HIREIC
WIS L, BEPEREITIZITEERICTYICEL L, Fo
KUZRT L DI 294 K T, THIZRSTWD I Engn5d,
2B IV BIEBRT DL oI 1/ EZEBBERR—720T, b
P HIEXBITE 220,

3.2 HBFEH

¥t BB OENE Figs 1Ord, FiRE & BT o il
L, c fidiET 2, Mt BEOMBICEET DL, o fh
DOWHEIIABD TRNE WD, ¢ BIOFRIIHTENICKRE N &
WD, a BIOWKET LB ZRT Y U BT 581
Zeh b H[15], LR X BCHIE SN T ERDOZEAL
[16]% LEE D 7= DI TR T, M TR W—E %R
TN, BENTHELET =20 a @hEIIEETORES D
<o FEBEIX a BHETZT 2L, c HEBLIXL OV TV D DTEN,
el o> BREREFEANE S DT, R2I2< < Ro T3,

_54_



Journal of Flux Growth Vol.8, No.2, 2013

25
294 K after cool

Fig.4 Selected reciprocal sections of calcite upon heating and cooling[9]. The hkO (top) and hk1 (bottom) reciprocal sections of calcite
(hs30) in the hexagonal setting, reconstructed from the two dimensional frame data at temperatures of 294 and 891 K (Phase 1), 1192 and
1234 K (Phase 1V) and 1275 K (Phase V) attained upon heating, and 294 K (Phase 1) after cooling. Several Bragg spots are indexed based
on the R3¢ unit cell. Several diffuse spots are also indexed, for example, 2%:0, with grey arrows.

BFEHOECOETF NS, 1, IVEBIO VHEEZ# T
%, THHTIEE a#EOZID ZBEMMRBENETH Y, athE
EE L2 DR 2 I — ST S<, IV HETIE S
RENATHY, a MRIIFEE & bICAMICELS D, V
HTIHIFFE—ED a BiEZRTH, BEGEHAIRONOT, E
e ZAITE< b, c HiRIE o #IRIZ EEE TIX
RV, LD D IV HEEIRABITT 5 & cBROMUN K
<72, VHEKIZAS L, BOEMT S,
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Fig.5 Cell dimensions along a (left) and ¢ (right) as a function of
temperature [9]. Data were taken from the hs11, 25, 29 and 30
datasets and those reported by Antao et al.[16].

3.3 &Bsa

TR OBRMGEE N 'R A2 Lo 01, MBS
T LT 5L, BBOBRFEERIIT. - DY SHET 518
THDH[17], WA THET D bk w50 R ofs SiEER
TEFRFEBICHFITAEL, 20 4 BEREICH LTI 2
v M5 & Fige DX oo, Zasd IV-V GBS
% 1240 K EHEE L7, IV fHEB SISV TiE 3.8 Hix s
BEnzuv,

3.4 VHORESRESE & BRE

V M OZEEBRIL A E O KBRS TIX 1240 K 205 1275 K
D 35 K BEORWEFHATH L, RETASENRL - &&T
i, TV EBECREICTFETLITHAH, LnL, fbh
IV HEWNE VHEOREERICH > T, BRBHRSZTD
TN LTS 5, Fig7 1IR3 L 918, 1213 KAV #),
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Fig.6 The fourth power of the normalised observed structure
factor for hkl reflections with / = odd, 113 (filled marks) and 211
(open marks), as a function of temperature[9]. The starting room
temperature values were used for normalization for each series.
The thin straight line shows a linear fitting for the 113 reflection
data.

Fig.7  Progressive decarbonation at elevated temperatures
towards completion [9]. Diffraction photos were taken every after
the ~4 h intensity measurement at 1213, 1234 and 1275 K. A
schematic powder pattern of CaO with the first 3 peaks at low
angles is overlaid.
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BIRTANRA Y o T OBENRR LIRS 2D, 22K P 1300 K
T 6 h fREE LIS OMNEFTR O EE% Fig.8 1Z~7, MMEL
PBITBURFE D ERITHEIT L TIRIE I L > T DO IR > T
D0, FEONAITZEZDO T EHRZH, 100 nm FEZEORIL
DEREEICDE > THEL TS, B, @&iREFERK
THOBAL I N T DEFHMIER DT A U > T I DD
B/BOHMNT, BEORHREIMICEATAHEFEZRLTWARN-
7o L ORFLTHEROEXHE O HNEE THORNDHHKILT,
PREEH A D HHFRE & L CtE L2 ATREEZ2 R LT,

Fig.8 Typical SEM photographs of crystals before (left) and after
(right) the heat treatment in a muffle furnace at 1300 K for 6 h in
an air atmosphere[9]. The composition of the former is CaCOs3,
whereas the latter is CaO. The two crystals in the insets are not
identical.

3.5 |HDEE

[ fBOWEE, 372 5B W. L. Bragg 7% 1914 (23 E L7
Wi, EmIRGER, EEBE R3c THDH, BT A (Cal) B
HAROF A0, 0, )IZHY, RECOD cltboz=1/4 &
72 H00E (0, 0, 1/4), BR3E (O1) A% Wyckoff 525 T 18e & MEiE
NDHALE (x, 0, UM IZHFET D, O xERZOMEITE L Z 0.26
Th b, HAROHEEIL Figd L1277 L D1, Ca DHEMD
72 B &, COy EA B 7250 & ARZEID ¢ Bl TEE A
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HERD, FOEBHRAIEmMAER 2707, CO; KEFE L
ODT—oD T8R)] t&E25E, CalZdD ICO;DER) 1TEE
BOEEZ VD, ZOSNHETEZNN]FEIZFLS2S LT
EERICER LD LRGN TE5, 25N AHH
%, CO; &L TR LT 2IEHEVICHLEL 25T
HZMHTHD, EB, CL 0ZES3IAROFKAIT c BlcEE
73 T LTV A [18,19],

W2 EX D)X CEEL D ZOBEOE ST, BE
DOEETH 5, Fig9 Z£D 141 (787 K) TIiIfEsmFRIICE N7
Ol OB L NGB CTRAIL, BREADO B TENITL
THRLTWD, 2O, BWETENEI#ERRE K2 T
BEIL THWRFAMEEEEARICERD Z N TE RN
LML LRI END, THTBH L, CO; HEITIFEWVER
FoRHbDE, AVEBRENLRDLILOO_FEEHY
INHIXEDOEFE A O & BN RFEZ O ¢ HNTKER
LCWBZERNLND (REOEY O 180 °ElE:TIER N2 &
WZHE), KEBMRICERT D &, SLOBHAD [Ca DAHMNMS
725, CO;ENLMRDPEMNAZEICHEET S 1%, Cad
BN 5 2B, BEEE CO; DL D75, Ca DA
MO 5H, AR CO;ENS R EHEMNZDIETHRET
Ll LEVWHZONG, ZOED, FEAO 1 HEIE, @EO
EEEICEATEERKRAO cliliad 2 (512 G to
T2, E<HLATHD [ HOMEEZD LT LLE
L0, REBEBMRICHD 20 EEOBEDOKRA IV
A~ ZHET 2 ) 2 TELERS>TNEINLTH D,

3.6 IViHEDEE

TFED B TV AB~O AR 13K 985 K TR & % (3.8 &
S, 1 TITERFE COo; L AltE COo; Lomarr Al
BLFINTFAEL TWA, IV T Zhnsilin, BEEE Co; T
KR SN Tz c EliCTEE 2 CO; IS, EfESE CO NP L
BLY, FF20MCTXTARESE CO;mICEREE CO; &N

Ca1

1275 K (V)

Fig.9 Structures of calcite: Phase | at 787 K (left), Phase IV at 1151 K (middle), and Phase V at 1275 K (right)[9]. The atomic displacement
parameter ellipsoids are drawn at the 50 % probability level. The O atoms in Phase V are represented by the 50 % probability isosurface of
the joint probability density function. Two unit cells along the c axis are drawn for Phase V in the orientation, ay = -a; and by = -b,, so that
Phase V has an atom arrangement similar to those of Phases | and IV. This makes up for the change in the obverse-reverse relationships

caused by the halving of the R3¢ unit cell along the ¢ axis.
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Fig.10 The isosurface plots of the joint probability density
function of O atoms around carbon[9]. Data plotted are at 294
and 891 K for Phase I, 1182, 1213, and 1234 K for Phase IV, and
1275 K for Phase V. All data are calculated from the sample
hs30, except for those at 1213 K from hs29. The isosurface
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Fig.11 Potential surface of the 4 A x 4 A square section (carbon
at its centre) for Phase | at 891 K (left) and that for Phase IV at
1153 K (right)[9]. The depth profiles are plotted in the range
0-0.7 eV.
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Fig.12 Potential curves at selected temperatures along the arc
01-02-01 in Fig.11[9]. Dashed lines indicate the expected
traces of potential maxima in Phases | and IV.
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Fig.13 The activation energy (eV) of the O atom along the O
circle about carbon and the population of the inverse site (02) in
Phase IV as a function of temperature[9].
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Fig.14 The 10 % isosurface of the joint probability density
function of O atoms about carbon in the models 18g, 18h and 36i
for Phase V at 1275 K (hs30)[9]. The six Ca atoms surrounding
the CO; group at 3.23 A are also drawn in the model 18g. The
inset shows changes in potential energy (eV) along the dashed
line in the undulated circular orbital with estimated standard
uncertainties (esu).
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Fig.16 Schematic representation of changes in the out-of-plane
bends of the CO; group in Phase V during the assumed rotation
of O atoms along the undulated circular orbital[9]. The O and C
atoms are depicted by large and small circles, respectively. The
labels O3, O1 and O3’ correspond to those in Fig.14.
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Fig. 17 RMS eigenvalues, YU', YU? and VU° in increasing order,
along the principal axes of the harmonic atomic displacement
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atoms [9]. U'(C) = UX(C) by symmetry. The direction of U'(O) lies
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IR RIS -2 L NI FDOENREET 5, ERERITREEEED
{LFAEA ZECIREBIC B & B, ZHWBLRER D 5 W ITVER
WICELEDFRK E 720 2 EIIEBIZEEL 722, HICE 20T,
RO R 2 MATEE, BURERT 20, BT 2
PREGHINC TR CE X9, MRINHIZB TS CoH D
[Bldis & A HRIR R B9 2 BRI R W ORI Floh D,

HiEE

BRI T BT E R L O FTEE Th 5P Q£ K
(FEBCL B34 & B TR TR B LA R 4 428) (2
Ko TITOIT, Hdh G 38R A R 35 FG (2R 24 B 13
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REFFZLEE LR 2 F£4) 13 U RIAKBILEERFT O K
2L o TITbhe, AREITEER SO ELRFEE Th S EmH
REEEE 2 AR R K BV L2 F2BR AT OWINEFTE #dZ 1THR L T
o1, EERK (CYRITA &R LERFRFEE LR RE
8, BTEXTENS S TERFMESRE) B L ORI (Y
34 IR TR R F I C R rE, AR
TG R FR AT B0 (S IX AR FE O A1 EE B IC B CRE &
O LT ETEN T, F=adtfmERET T I—>0 Dr
Vaclav Petricek KIZIZEHE Y 7 by =7 OEHIZHOWNTIH,
WALRY b AV W N 3 5 e = N T ey SR i T
(22360272) IZFESWTTbiz, 728, BAZ 7 v 7 ZAE
MHEESDOE 7 RIRB2TBIT DARMICET 5~ DOFRFE[28]
X, RS D VIFEZRRIMEAR TOERO O EIR TR
Fe AR IS EIT L, WE EWIEE L T =B T D
ni=n, AESEOSEHENSOMRFECHE LOSEICERS
o, TO—ABIZEBRNPI ORI LIZZ L 2R LT
2ZFET,
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