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Since Boeke’s finding of a reversible phase transition of calcite (CaCO3) at around 1243 K (H. E. Boeke, Neues Jahrb. Mineral.,
1912, 1, 91), and the following W. L. Bragg’s structure determination of the room temperature phase I (W. L. Bragg, Proc. R. Soc.
London., 1914, A89, 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 CO2 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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Fig.1  Phase relations in the unary system CaCO3 after 
Carlson[6]. Dashed lines represent metastable equilibria. ‘A’ 
aragonite, ‘I’ through ‘V’ calcite polymorphs. 
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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 CO2 atmosphere without adhesive[9]. The scale 
increment is 20 μm / graduation. 

Fig.3  Temperature-pressure diagram of the decomposition of 
CaCO3 into CaO and CO2 after Jacobs et al.[12]. 
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Fig.5  Cell dimensions along a (left) and c (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]. 

 

 

Fig.6  The fourth power of the normalised observed structure 
factor for hkl reflections with l = 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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Fig.4  Selected reciprocal sections of calcite upon heating and cooling[9]. The hk0 (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 I), 1192 and 
1234 K (Phase IV) and 1275 K (Phase V) attained upon heating, and 294 K (Phase I) after cooling. Several Bragg spots are indexed based 
on the R3̄c unit cell. Several diffuse spots are also indexed, for example, 2½0, with grey arrows. 

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

－55－



 

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 CaCO3, 
whereas the latter is CaO. The two crystals in the insets are not 
identical. 

 

Fig.9  Structures of calcite: Phase I 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, aV = -aI and bV = -bI, so that 
Phase V has an atom arrangement similar to those of Phases I and IV. This makes up for the change in the obverse reverse relationships 
caused by the halving of the R3̄c unit cell along the c 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 
levels are top 10 %, 50 % and 90 % probabilities from inside. The 
crystallographic a and b directions of the axis label are reversed 
in Phase V, as explained in the caption of Fig.9. 
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Fig.12  Potential curves at selected temperatures along the arc 
O1 O2 O1 in Fig.11[9]. Dashed lines indicate the expected 
traces of potential maxima in Phases I and IV. 
 
 

Fig.13  The activation energy (eV) of the O atom along the O 
circle about carbon and the population of the inverse site (O2) in 
Phase IV as a function of temperature[9]. 

 

Fig.11  Potential surface of the 4 Å × 4 Å square section (carbon 
at its centre) for Phase I 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.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 CO3 group at 3.23 Å 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). 

0.004 eV esu 0.003 eV

3

3
CO3 I IV 321

3.12  

V R3̄m Wyckoff

Wyckoff
Fig.14  

18g R3̄m 18g Wyckoff 50 %
50 %

18g 6
3 18g

c CO3

CO6 IV
R3̄c 50 %

18h 18h
Wyckoff 50 % 18g 18h

z c
36i

36i 12
25 %

 

R
R

 

R
2 %

CO3

Fig.14

 

Wyckoff

 

TLS

Translation Libration
Screw

[20] Fig.15
TLS C O

TLS

[25]  

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

－59－



Fig.16  Schematic representation of changes in the out-of-plane 
bends of the CO3 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. 

 

Fig. 17 RMS eigenvalues, U1, U2 and U3 in increasing order, 
along the principal axes of the harmonic atomic displacement 
parameter ellipsoids for the C (open marks) and O (filled marks) 
atoms [9]. U1(C) = U2(C) by symmetry. The direction of U1(O) lies 
along the C O bond direction, and that of U3(O) on the plane 
perpendicular to the C O bond. The tilt angle  of the U3(O) 
direction from the basal plane (see inset) is also plotted.  

 

Fig.15  TLS-corrected (filled marks) and uncorrected (open 
marks) intramolecular C O bond distance as a function of 
temperature[9]. 
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