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Abstract

The incommensurate modulation in a synthetic iron-bearing dkermanite, Ca,(Mg,
Fe)Si,05, has been determined at room temperature by the five-dimensional refinements of the
structure. The basic structure is tetragonal P4 2;m with unit-cell dimensions a =7.8679(3), ¢
=5.0144(2)A, V=310.41(2)A3, Z=2, M=286.69, D, =3.067Mg - m-3, MoKo. with graphite
monochromator, g =3.199mm!, F(000)=284.49, Mg/(Mg+Fe)=0.554(6), R=0.065 for 770
unique reflections. The modulated structure is also tetragonal P;’iﬁlgm, ky =0.295(2)x
(a*+b*), k;=0.295(2)x(—a*+b*), where ky, k; are the wave vectors and a*, b* the reciprocal
lattice vectors of the basic structure. R=0.136 for 3965 unique reflections. The modulation is
caused mainly by the shifts of Ca and O atoms, and substitutional modulation at (Mg, Fe)
sites was not detected in the present studies. Six-coordinated Ca forming a distorted oxygen
octahedra exists in the modulated structure and most of them form clusters together with the
flattened (Mg,Fe)O, tetrahedra. The number of the clusters in the present material is less than
that in Co-dkermanite. The reason may be attributed to the disorder of the modulation ampli-
tudes and wavelength.

Introduction

A set of weak satellite reflections around each Bragg reflection has been discovered by
Hemingway et al. (1986) at room temperature in single-crystal X-ray and electron diffraction
patterns of synthetic dkermanite, Ca,MgSi,O;. These satellites indicate that the modulation
of the structure is incommensurate and a reversible phase transition to the normal phase (with
no modulation) occurs at 358K. The same phenomena in electron diffraction were found
independently by Seifert er al. (1987) during their synthetic studies on the system
Ca,MgSi,0,-Ca,FeSi,0,. They showed that the all satellite peaks are sharp at Fe/(Fe+Mg)
=0.0, but an increase of Fe content causes an increase of the intensity of diffuse streaks
between the neighboring satellites and diffuse rings surrounding main reflections (circular
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diffuse scattering) are observed in the diffraction patterns. An interpretation of the circular
diffuse scattering was proposed by lishi et al. (1994). A rise of temperature also induces an
increase of the diffuseness of the satellites. The incommensurate modulation was found also
in the diffraction patterns of the Mg—Co solid solution (lishi et al., 1989).

Seifert et al. (1987) deduced that a misfit between the size of the interlayer cation and
that of the space formed by the tetrahedral sheets would cause the occurrence of the incom-
mensurate modulation in dkermanite. A microdomain model was proposed by Van Heurck
et al. (1992) through HRTEM observation for the modulated structure of Ca,ZnGe,05 in
which the framework consisting of the tetrahedra was deformed by correlation rotations and
tilts of the corner-sharing GeO,4 and ZnQ, tetrahedra. However, determination of the modu-
lated structure was indispensable to realize how the shifts of the constituent atoms or the
rotations and tilts of the tetrahedra were combined in the real structure to form the modula-
tion. The modulated structure of Co-dkermanite was determined by Hagiya er al. (1993)
based on the five-dimensional description (de Wolff, 1974; Janner and Janssen, 1977,
Yamamoto, 1982). The modulation is caused mainly by the shifts of Ca and O atoms and the
coordination number of Ca varies from six to eight. No evidence of anomaly of the occu-
pancy was found at the Co sites. They clarified also that some of the Co—O and Si-O dis-
tances vary remarkably in the modulated structure.

Since the modulation is found also in the solid solution Ca,(Mg,Fe)Si,0, the present
studies have been undertaken to analyse the modulated structure in the solid solution and to
examine how the replacement between Mg and Fe affects the mode of the modulation. Care-
ful investigations on the features of the determined structure and comparisons of the struc-
ture of the present material to that of the Co-analogue have been also undertaken from the
crystal-chemical view points.

Experimental

The specimens of iron-bearing dkermanite were synthesized by a floating-zone method.
The ratio Mg/(Mg+Fe) of the starting charge of the syntheses was controlled approximately to
0.55. A spherical crystal was prepared for measurements of diffraction data. The Laue
classes and the reflection conditions of the main and satellite reflections were determined
from the diffraction patterns recorded on precession photographs. An Enraf-Nonius CAD-4
diffractometer with MoK« radiation monochromatized by graphite was used for the collections
of the intensity data. The cell parameters of the basic structure were determined by a least-
squares refinement of the angular data of 25 main reflections.

The diffraction patterns of the specimen indicate that the modulation is two dimension-
al one with the two wave vectors k;=ax(a*+b*) and k,=ox(—a*+b*). All reflections includ-
ing satellite reflections can be indexed with five integers and five base vectors that are relat-
ed to the three crystallographic axes and the two wave vectors (h=ha*+kb*+lc*+mk,+nk,;
a*, b* and c¢* are the base vectors of the reciprocal lattice of the basic structure, and m and n
are integers). Thus the whole reflections can be described in the five-dimensional reciprocal
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TABLE 1. Crystal data and measurement conditions of Ca,(Mg,Fe)Si,0,

Chemical formula

Formula weight

Crystal system

Unit-cell lengths of the basic structure

Unit-cell volume
Number of formulae per unit cell (Z)
Modulation wave vectors

Wavelength of modulation
Measurement temperature
Number of reflections used to measure unit cell
Radius of specimen (spherical)
Density calculated from unit cell and contents
F(000)
Linear absorption coefficient
Minimum transmission factor from corrections
Maximum transmission factor from corrections
Reflection conditions

the basic structure

the modulated structure

Radiation type
Radiation wavelength
Diffractometer maker and type

Total number of reflections measured (main reflections)

Range of h,k,!
Maximum sin6/A
Standard reflections
Intensity variation

Ca,Mgy ssFeg 4551,07
286.69

Tetragonal
a=7.8679(3)A
¢=5.0144(D)A
V=31041(2)A3

2
k,=0.295(2)x(a*+b*)
k,=0.295(2)x(-a*+b*)
18.87(HA

297K

25 (20.055260<29.35)
0.107mm

3.067"Mg -m=3

284.49

3.199mm-!

0.641

0.654

h00(h:even)

hOOmin (h:even)
hhlm0O (m:even)
MoKoa

0.71073A
Enraf-Nonius CAD—4
7352 (816)

0<h<11, 0<kL15, 0<IL9, (h<k)
1LOA-!

223,223

none
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space (de Wolff, 1974). Higher-order satellites were not detected in the diffraction patterns.
To determine ¢, the peak profiles of the eleven satellite reflections (05010, 15001, 34010,
26101, 25010, 23210, 19001, 13310, 13201, 13110 and 07110 were measured along the
zones parallel to <110>* and connecting two neighboring main reflections. The fitting of
the eleven profiles to a Gaussian function y=aexp{-b(x~0)2} gave an average value 0.295(2)
to a. The intensities of the main and satellite reflections were measured in the range
sinB/A<1.0A-1. The data were corrected for the Lorentz, polarization and absorption factors.
The crystal data and the conditions of the measurements are given in Table 1. Weak diffuse
streaks connecting neighboring satellites (the satellites with the indices mxn=0 and those
with mxn=%x1) and surrounding main reflections were observed in the precession pho-
tographs (the circular diffuse scattering).

Structure Determination

Basic structure
Since the Laue class and reflection conditions of the main reflections are the same as
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FiG. 1. Projection of the basic structure on
(001) plane. Eight Ca-O distances and six
O-T-0 angles are denoted with B1~B8 and
A1~A6 respectively.

TABLE 2. 'Results of the refinements

(a) Basic structure

Space group PA2im
Number of main reflections

used in refinements 770
Structure factors used in refinements |F I>30 (IF,))
Weight type Unit weight (w=1)
Number of parameters refined 35

R 0.065

R, 0.064

(b) Modulated structure ~

Five dimensional space group P,f:,%,;m
Number of reflections used in

refinements 3965
Structure factors used in refinements  |F,I>306(1F,)
Weight type Unit weight (w=1)
Number of parameters refined 103

R (for all reflections) 0.136

Rw 0.098

Ry (for 770 main reflections) 0.063

Ro, 0.061

R, (for 1993 satellites with mxn=0)  0.210

Ry 0.240

R, (for 1202 satellites with mxn=x1) 0.275

Row 0.343

those of the Co-analogue, the space group
of the material is assigned to P4 2,m. The
coordinates and atomic displacement para-
meters of the basic structure were refined
by a least-squares method using the pro-
gram LSFM in the system MOLEN (Fair,
1990). The positional parameters of the
Co-analogue were used as the starting para-
meters in the refinements. The final refine-
ment of the parameters including
anisotropic atomic displacement parame-
ters reduced R and R,, for 770 observed
main reflections to 0.065 and 0.064 respec-
tively. Unit weights w=1 were used for the
above refinements. The occupancy
Mg/(Mg+Fe) at (Mg, Fe) site (the notation
T-site or T-atom is used hereafter) was
determined to be 0.554(6) by the refine-
ment of the occupancy of Mg at the site.
The basic structure determined is illus-
trated in Fig. 1. Similar tendencies to
the anisotropy of the displacement
ellipsoids found in the Co-analogue
were found also in the present material
and this fact strongly suggests that the
modulation of the structure should
mainly be caused by shifts of the Ca
and O atoms. The results of the refine-
ments and the final parameters are list-
ed in Table 2(a) and 3 respectively.

Modulated structure

Since the Laue class and the
reflection conditions of the main and
satellite reflections are the same as
those of Co-dkermanite, the same
five-dimensional space group Plffnzlgl'”
(with the notation proposed by Janner er
al., 1983) and the same symmetry genera-
tors, (541 0,0,0,0,0) and (0,4,/1/2,1/2,0,
1/2,1/2), were assumed to be the correct
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TABLE. 3. Positional parameters, occupancy and anisotropic atomic displacement parame-
ters of the basic structure with estimated standard deviations in parentheses.

Positional parameters and occupancy

Atom X y z Beq(Az)* Occupancy
(Mg,Fe) 0 0 0 1.00(1) 0.554(6)**
Ca 0.3307(1) 1/2—x 0.5061(3) 1.914(8)
Si 0.1384(1) 1/2-x 0.9383(3) 0.88(1)
01 0 172 0.825(1) 3.51(6)
02 0.1390(5) 1/2—x 0.2570(8) 2.25(4)
03 0.0795(7) 0.1898(5) 0.7891(7) 2.97(7)

* Beq:4/3(ﬁ1132+ﬁ22b2+ﬂ3302)
** Mg/(Mg+Fe)

Anisotropic atomic displacement parameters

Atom Biy B Bs3 Bas B B
(MgFe)  0.0040409) B, 0.0099(4) 0 0 0
Ca 0.00980(8) B 0.0088(2) —0.0016(3)  —B» 0.0130(2)
Si 0.00395(8) B, 0.0067(3) -0.00193) B 0.0018(3)
Ol 0.0202(7) B 0.005(1) 0 0 0.032(2)
02 0.0125(4) B 0.0055(8)  0.0005(9)  —Bos 0.016(1)
03 0.0243(9)  0.0058(4)  0.0143(9) -0.005(1) 0.018(2) -0.011(1)

The form of the anisotropic atomic displacement parameters is
exp{—(By XM+ Boyxk2+ By 3X 2+ B <k + B 3xhl+Bysxkl)}.

ones, where

and Ogp =

SO—=OO

0- 0
1 0
St= |0 0
0 0
0 1

cocoo—
o—ooo
coco—o
cooo-—
co~oco
o—~ocoo
—_co00

(i) Model of the modulated structure

The basic structure determined implies that the modulation should be caused principal-
ly by the shifts of Ca and O atoms. Since Mg at the T-site is partially replaced by Fe, the
components of the displacive modulation for all sites together with that of the substitutional
modulation for T-site were investigated at the first step of the refinements.

The atomic position vector x in the three dimensional space is written as

x=n+X +u

where n is a lattice vector, ¥ a position vector of an atom in the unit cell of the basic
structure and u a displacement vector of the atom. In a two-dimensionally modulated struc-
ture, displacements of atoms from the sites in the basic structure are expressed by plane
waves with the wave vectors k; and k,, We may neglect terms of the higher order harmon-
ics in the present case, because no higher-order satellites were detected. Then the modula-
tion function for the x, y and z components of a displacement u is expressed as

uj; = Ayj1+A ;COS(2Tt5)+A 3008 { 2T(s+0) } +A,54008 (211 +A ;5 cos{ 2n1(—s+1)}
+A;j6Sin(275)+A 7sin { 27 (s+1) } +A jgsin(2m)+A josin { 210(—s+1) },
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where i=1, 2, 3 : x, y, z components of the u of the jth atom. A i S are Fourier amplitudes of the
modulation wave and s, ¢ are phases of the modulation at the atomic position n+x. s=k;* (n+x)
and =k, + (n+x ).
The occupation probability P for Mg partially replaced by Fe is written as

P=P +P’
where P is the occupation probability of Mg in the basic structure and P’ is its variation in
the modulated structure. P’ is then expanded to a Fourier series:

P’=P+Pycos(2ns)+Pscos{2n(s+1) } +P4cos(2nt)+Pscos{ 2m(—s+1) }

+Pgsin(27s)+P4sin{ 21(s+f) } +Pgsin(2n)+Pgsin { 2m(—s+1) },

where P}’s are the Fourier amplitudes of the modulation.

(ii) Refinements

Since the Fourier amplitudes of the displacive modulation of the 5 (Ca, T, Si, O1, O2)
of the 6 atoms and the substitutional modulation of the T-atom are constrained by the site
symmetry of the special positions, the number of the independent parameters to be refined is
105 (78 displacive parameters, 23 anisotropic atomic displacement parameters, 3 occupation
probability parameters and one parameter for the scale factor). The modulated structure was
then refined by the full-matrix least-squares program REMOS (Yamamoto, 1984). The
Fourier amplitudes of the modulation determined for the Co-analogue (Hagiya et al., 1993)
were used as the initial parameters of the refinements, because the modulation wave length
and the distribution of satellite intensities of the present material are similar to those of Co-
dkermanite. The refinement of all 105 parameters with the weights w=1 reduced R to 0.136
and R,, to 0.098 for all 3965 reflections. The modulation function for the occupation proba-
bility of Mg determined by the refinement is

P’ =-0.016(8)-0.011(6){ cos(2ms)+cos(2mt) }+0.003(7)[cos{ 2n(s+1) }+cos {2 (~s+1) } 1.

The magnitudes of the Fourier amplitudes of the occupation probability are not signifi-
cantly larger than their e.s.d.’s and this fact strongly suggests that the substitution of Mg by
Fe must be random in the whole structure. Thus we assumed that the structure would be
only displacively modulated. The refinement of 103 parameters reduced R to 0.136 and R,,
to 0.098 for 3965 reflections. Since no change of R and R, factors was found in the results
of the refinements, we concluded that no substitutional modulation exists in the material
used for the present studies. The results and the final parameters of the refinement without
substitutional modulation are listed in Table 2(b) and 4 respectively.

The R factors obtained in the basic and modulated structure refinements are 0.065 and
0.136 respectively and the values are larger than those obtained in the studies on Co-analogue
(0.049 and 0.098; Hagiya et al., 1993). Since the circular diffuse streaks were also observed
in the precession photographs of the present material as described in the preceding section,
the high R values for the modulated structure can be ascribed to the occurrence of the diffuse
streaks. Moreover, the peak profiles of the satellite reflections with the indices mxn=+1 are
more diffuse than those of the main and satellite reflections with mxn=0. Such phenomena may
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TABLE 4. Fourier amplitudes of the modulation functions (x10*) and anisotropic atomic dis-
placement parameters (x10*) with estimated standard deviations in parentheses.

Fourier amp]itudes

AUI Aljz AU3 AU4 A’]5 AU6 Alf7 Atjg AUQ

MgFe) u; 0 0 0 0 0 391y 232 T5(1) -24(2)
uzj 0 0 0 0 0 '—AljS —A|j9 Alj6 Alj7

wy 0 253)  123) Ay Ay 0 0 0 0

Ca  wy, 200 70() 1) 161 -23) 41y 711y 23(1) -65(1)
Uy — A A Ay A Ay Ay A Ay Ay

wy  6(1) 0 70 0 Ay 953) -44Q2) 0 Ay

Si w, 00) 651) -212) 10(1) 25() 611)  2(2) 1) -12)
uy Ay Ay Ay Ays Ay Aye Ay Ay Ay

uy 0D 0 383) 0 Ay 893) -1002) 0 Ay

01 uy; 0 0 0 0 0 78(7) -39(13) -179(12) 71(12)
sz' 0 0 0 0 0 —A]j6 _Alj9 AljS _Alj7

uy ~1(8) 0 32(15) 0 Ay 0 0 0 0

02 u;  03) 99(7) -26(8) S1(7) 28(7) 9(5) 15(8) 17y =34(7)
uy A Ap Ay A Az e A Ayg Ay
w05 0 280) 0 Ay 85(11) -138) 0 Ay
03wy, 21(4) 151 56(9) 170(7) 90(8)  28(7) 1108)  156(7) ~59(8)

uy —4(3) 3(5) 47(6) —48(5) 2(6) -74(5) -15(6) =57(5) 23(6)
uy, 14(4)  1159) 4111 759 91(10) 99(9) 47(10) 30(9) -15(11)

3

Anisotropic atomic displacement parameters

ﬂl 1 ﬁzz ﬂ33 )323 ﬂ3l ﬁlZ

(Mg,Fe) 31(0) B 9502 0 0 0
Ca 64(0) B 70(1)  -8(0) Bz 330
Si 27(0) B 492) 20 —Bas T(0)
o1 133(8) B 5009 0 0 1049)
02 98(3) n 416 53) B 53(5)
03 ©122(5)  38(2)  99(6)  -8(3)  33(5) -29(3)

"The form of rtheiar{iisotropi'c atomic c@iacemeni parameters is
exp{—(f)1}Xh? + Byoxk? + By3x2 + 2XB),}Xhk + 2% 3}hi+ 2XBy3xkI)}.

cause the higher partial R factor for the satellites with mxn=+1 and also higher R for the total
reflections than those of the main and the satellite reflections with the indices mxn=0 (Table 2).

Results and Discussions

The basic structure, corresponding to the projection of the modulated structure in the
five-dimensional space onto the three-dimensional space, reveals characteristic forms of the
displacement ellipsoids at each atom site (Fig. 1). The sizes of the ellipsoids of the T and Si
atoms are much smaller than those of the Ca and O atoms and their forms are almost spheri-
cal. These features imply that those atoms are arranged periodically in the incommensurately
modulated structure. The Ca atom is coordinated by the eight O atoms (B1 ~ B8). The
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FIG. 2. A part of the modulated structure projected on (001) plane. The origin in the modulated
structure and a unit cell of the basic structure are expressed by O and the square outlined with
solid lines respectively. Triangles, squares and dots indicate SiOy tetrahedra, TO, tetrahedra and
Ca atoms respectively. Shaded pentagons correspond to the six-coordinated Ca.

ellipsoids of the Ca and O atoms are strongly anisotropic and the features are caused by dis-
placement of the atoms in the modulated structure, or the modulation can be explained with
the distortion of the TSi,O; framework from that of the basic structure through deformations
and/or rotations of the tetrahedra around the T and Si sites. The same features were found in
the structure of Co-dkermanite (Hagiya et al., 1993).

A part of the modulated structure calculated with the refined parameters and projected
on (001) plane is depicted in Fig. 2. The oxygen polyhedra around Ca atoms are identified
as pentagons in the figure and two types of the pentagons can be distinguished, that is, the
pentagons with a large distortion from the regular one (to be denoted as ‘distorted’) and
those with a small distortion (to be denoted as ‘regular’). The form of the latter is similar to
the pentagon in the basic structure. Variations of the eight Ca~O distances (B1~B8) calcu-
lated from the modulation functions are indicated in Fig. 3. The Ca—O distances denoted as
B5 and B7 are remarkably long at around #=0.0 and 1.0, whereas the distances B6 and B8
are very long at around r=0.5 [Fig. 3(a)]. Those long distances specity the coordination number
of the Ca atoms to be six in those parts and to be seven or eight in the other parts. The forms
of the oxygen polyhedra around the six-coordinated Ca are distorted octahedra and those
-around the eight-coordinated Ca are bicapped trigonal prisms (Fig. 4). The former corre-
sponds to a ‘distorted’ pentagon and the latter a ‘regular’ one in the (001) projection (Fig. 2).

The tetrahedra around T-atoms are drawn as squares in the (001) projection: some of
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FiG. 3. Variations of eight Ca-O dis-
tances as functions of the parameter ¢ (a)
at s=0.0, (b) at s=0.5. The symbols of
the curves correspond to the Ca-O bonds
given in Fig. 1.

them are almost regular in the form and the
others are distorted. Deformation of the tetra-
hedra is also one of the characteristic features
in the modulated structure. The T-O distances
vary in the structure just as the Co—O distances
in the Co-analogue (Hagiya et al., 1993). The
O-T-O angles denoted as Al and A4 (Fig. 1)
change in phase with each other but in oppo-
site phase with the rest (A2, A3, AS and A6)
as indicated in Fig. 5. The change of the dis-
tance between the two edges almost parallel to
(001) is opposite to the change of the angles
A1l and A4; that is, the distance between the two
edges is shorter (e.g. at s=0.0 and =0.0.) and the
tetrahedron is a flat one (Fig. 6), in case the
angles Al and A4 are large. Besides the flat-
tening, twist from the orientations in the basic
structure are observed for TO, tetrahedra. The
sizes and forms of the squares, being roughly
classified into two types, change from place to
place and have a correlation with the forms of
the Ca-pentagons: the regular squares with the
largest size (e.g. at s=0.0 and ¢=0.0) are sur-
rounded by four ‘distorted’ pentagons and the
rest of the squares are partially or fully sur-
rounded by ‘regular’ pentagons.

FiG. 4. Typical Ca-O polyhedra in the modulated structure. Shaded and open circles are Ca and O
atoms, respectively. (a) The oxygen polyhedron around the six-coordinated Ca. Two extra O atoms
are located at long distances from Ca atom. (b) The O-polyhedron around the eight-coordinated Ca.
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FIG. 5. Variations of the six O-T-O angles
as functions of the parameter . 5s=0.0. The

2 1? <

= B symbols of the curves correspond to the
Q - . .

) .§ O-T-0O angles given in Fig. 1. Change of
g 153 the distance between the two edges almost
Q

|m

parallel to (001) is also indicated in the dia-
gram.

WY

FIG. 6. The schematic view indicating flattening of a TO, tetrahedron in the modulated structure.
Shaded and open circles indicate T and O3 atoms, respectively.
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FIG. 7. A part of the modulated structure of Co-dkermanite projected on (001) plane. The origin

" in the modulated structure and a unit cell of the basic structure are expressed by O and the square
outlined with solid lines respectively. Triangles, squares and dots indicate SiO, tetrahedra, CoO,
tetrahedra and Ca atoms respectively. Shaded pentagons correspond to the six-coordinated Ca.
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The other feature of the modulated structure is characterized by the distribution of the
‘distorted’ pentagons ( the shaded ones, Fig. 2). Most of the ‘distorted’ pentagons (i.e. the
six-coordinated Ca atoms) form clusters together with the large regular squares (i.e. the flat-
tened T-tetrahedra) in the structure and the central TO, tetrahedra surrounded by the four
six-coordinated Ca may be deformed in such a way that their O—O edges adapt to the poly-
hedra around the Ca atoms. No periodicity of the clusters is found, but octagonal distribu-
tions of the clusters can be seen in some parts of the structure as indicated in Fig. 2. The fea-
tures postulated by Van Heurck er al. (1992) in their model are partly consistent with the
above structural features. All the coordination polyhedra around the Ca atoms are eight-
coordination in the normal phase, while many clusters of the six-coordinated Ca are formed
in the incommensurate phase. If we assume that the six-coordination is more stable than the
eight-coordination below the transition temperature, the formation of the six-coordination
and the clusters would play an important role to minimize the free energy of the whole structure
at the temperature.

A part of the modulated structures of Co-dkermanite is indicated in Fig. 7 to compare it
with the modulated structure of the present material. The ratio of the six-coordinated Ca
atoms (the shaded pentagons) to the whole Ca sites in the Co-analogue (28.5%) is larger
than that in the present material (17.8%). This difference can be attributed to the disorder
discussed below. The distribution of the Mg and Fe atoms is completely random as shown
in the results of the refinement of the modulated structure. Since the ionic radii of the both
metals are 0.49 and 0.63A (Shannon and Prewitt, 1969) respectively and the difference is
fairly large, partial disorder of the modulation amplitudes and the wave lengths should exist
in the structure and such disorders would reduce the number of the clusters in the iron-bear-
ing dkermanite. The disorder postulated above is consistent with the following phenomena
obtained in the results of the present experiments and the refinements. One of them is the
circular diffuse scattering observed in the diffraction patterns (cf. lishi ef al., 1994) and the
second is a large anisotropy of the atomic displacement parameters of the Ca and O atoms in
the modulated structure.

Acknowledgments-This work was financially supported in part by a Grant-in-Aid for
Scientific Research (B) (No. 07454135) from the Ministry of Education, Science, Sports and
Culture, Japan, which is gratefully acknowledged.

References

FaIR, C. K. (1990) MOLEN. An Interactive Structure Solution Procedure. Delft, The Netherlands.

HAGIYA, K., OHMASA, M. and T1SHI, K. (1993) The modulated structure of synthetic Co-akermanite,
Ca,CoSi,0. Acta Cryst., B49, 172-179.

HemiNnGgwAy, B. S., Evans, H. T. JrR., NorD, G. L. Jr., HASELTON, H. T. JR., ROBIE, R. A. and MCGEE,
J. J. (1986) Akermanite: Phase transitions in heat capacity and thermal expansion, and revised
thermodynamic data. Canadian Mineral., 24, 425-434.,

IisHi, K., Fuimoro, K. and Funno, K. (1989) Single crystal growth of akermanites Ca,Mg;_



58 Katsuhiro Kusaka, Masaaki OHMASA, Kenji HAGIYA, Kazuaki lisHt and Nobuhiko HAGA

Co,Si,0, with modulated structure. N. Jb. Miner. Mh., 219-226.

IisHI, K., HAGIYA, K. and OHMASA, M. (1994) Circular diffuse scattering of akermanite studied by the
optical diffraction method. Phys. Chem. Minerals, 21, 6-11.

JANNER, A. and JANSSEN, T. (1977) Symmetry of periodically distorted crystals. Phys. Rev., B, 15, 643-
658.

JANNER, A., JANSSEN, T. and WOLFF, P. M. DE, (1983) Bravais classes for incommensurate crystal
phases. Acta Cryst., A39, 658-666.

SEIFERT, F., CZANK, M., SIMONS, B. and SCHMAHL, W. (1987) A commensurate~incommensurate phase
transition in iron-bearing dkermanites. Phys. Chem. Minerals, 14, 26-35.

SHANNON, R. D. and PrRewITT, C. T. (1969) Effective ionic radii in oxides and fluorides. Acta Cryst.,
B25, 925-946.

VAN HEURCK, C., VAN TENDELOO, G. and AMELINCKX, S. (1992) The modulated structure in the
melilite Ca,ZnGe,0,. Phys. Chem. Minerals, 18, 441-452.

WOLFF, P. M. DE (1974) The pseudo-symmetry of modulated crystal structures. Acta Cryst., A30, 777-785.

YAMAMOTO, A. (1982) Structure factor of modulated crystal structures. Acta Cryst., A38, 87-92.

YAMAMOTO, A. (1984) REMOS 82.1. A computer program for the refinement of modulated structures.
National Institute for Research in Inorganic Materials, Sakura-mura, Niihari-gun, Ibaraki 305, Japan.

Received November 22, 1997; accepted March 25, 1998



