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Three misfit layer compounds with the same chemical formula
Ca,;Co,_,0,,; were isolated in the Ca—Co—O system. They
exhibit either a monoclinic or an orthorhombic symmetry. These
crystals are constituted of two interpenetrating C sublattices
showing incommensurate periods along the b axis. The structure
of the three crystals can be described as an alternate stacking
along [001] of distorted rock-salt-type slabs [Ca,C00O,] and of
[C00,] layers displaying a distorted CdL,-type structure. Re-
lating to the symmetry and the different observed ¢ periods,
different sequences are found for the [CoO,] layers running
along [001] within the three crystals. Two of them were deter-
mined by single X-ray diffraction using the 4D superspace for-
malism. A significant displacive modulation is implied, acting
mainly on Ca and O atoms involved in the intersystem bonding
scheme. This modulation leads to a noticeable distortion of the
CoQyg octahedra of the [CoQ,] layers. Strong interactions, via
Ca—0 bonds, are evidenced between the two sublattices. A sys-
tematic positional disorder is observed inside the [CoO]
layer. © 2001 Academic Press

Key Words: cobalt oxide; Ca;Co,0,; misfit; modulations; incom-
mensurate structure.

1. INTRODUCTION

The recent discovery of thallium and bismuth cobaltites,
with a misfit layer structure (1-3), closely related to that
observed in chalcogenides systems (4, 5), has opened the
route to the exploration of bidimensional cobalt oxides.
Recently, a new misfit cobaltite was obtained for the ap-
proximate composition Ca;Co,0,, which was formulated
[Ca,CoO3][C00,]1.62 (6). In fact, the Ca—Co-O system
exhibits a complex phase diagram, since close to the latter
stoichiometry Ca;Co,-.Og.; oxides were recently re-
ported (7, 8). Their structure seems to be related to a differ-
ent structural-type Ca,Co,0s, previously described by
Vidyasagar et al. (9).

The calcium cobalt oxides, close to the composition
Ca3;Co040,, are of great interest from a physics point of
view, as shown by their thermoelectric (7,8) and their
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magnetoresistance properties (6). In order to understand the
origin of the physical properties of these oxides, and espe-
cially of the complex misfit cobalt oxides, an accurate deter-
mination of the atomic positions is required. To date, only
one structural refinement using single-crystal diffraction
data has been carried out in such misfit oxides for
[Big.57SrO,], [C00O,]; 55 (10, 11). For this reason we have
considered again the Ca-Co-O system, focusing our efforts
on the crystal growth and structural study of these oxides.

In the present study, three different forms of the misfit
layered structure, [Ca,CoO3] [C00O,]; 62, Were synthesized
as single crystals. We show that one of these composite
structures with the stacking ¢ parameter of 10.76 A corres-
ponds to the phase previously described (6), whereas the two
other forms with ¢ parameters of 21.52 and 32.47 A are new
polytypes. The detailed single-crystal structure determina-
tion of the two latter forms, in the 4D superspace formalism,
evidences a displacive modulation, and a systematic posi-
tional disorder in the [CoO] layers of these oxides.

2. EXPERIMENTAL
2.1. Synthesis

The crystals of [Ca,CoO3][Co00,], ¢, Were prepared in
two stages. A precursor was first synthesized, using calcium
oxide CaO and the cobalt oxide Co30,. The reactants were
weighed according to the above formula. The mixture was
pressed into the form of bars and heated at 900°C for 24 h.
Second, bismuth oxide Bi, O3 and the melted K,CO; were
added in ratio Bi/Ca = 0.85 and in ratio K/Ca = 25. Cobalt
oxide was also added to prevent decomposition into
Ca;Co0,0¢ at higher temperature. As observed, the use of Bi
makes it possible to stabilize the phase. The preparation was
heated up to 880°C, at 100°C/h, kept at this temperature for
100h and then slowly cooled. Single crystals were
mechanically isolated from the solidified material after dis-
solving the molten part in water. The samples are platelet-

shaped.
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2.2. X-Ray Diffraction

A preliminary study (crystal quality and symmetry) was
carried out both from Weissenberg and precession photo-
graphs, showing the composite character of the crystals.
Three related phases of same chemical formula
[Ca,CoO3][C00,] .6, established from EDS analysis
were identified. No significant Bi presence could be detected
from EDS analysis. They exhibit quite similar a, by (first
sublattice), and b, (second sublattice) cell parameters but
different periods along [001], 10.75, approx. 2 x 10.75, and
approx. 3 x 10.75 A. Hereafter, they will be denoted phases
1, 2, and 3 respectively. Only crystals of phases 2 and 3 were
found to show a sufficient quality for X-ray data collection
and structure refinement. However for all the crystals of
phase 3, diffuse [001]* streaks with noteable intensity were
observed in the X-ray patterns, leading to difficulties in
measuring the reflection intensities. Unfortunately, all the
crystals of phase 1 exhibited strong disorders and twin
phenomena, preventing reliable measurement of the inten-
sities.

The diffracted intensities for phases 2 and 3 were collected
on an Enraf-Nonius CAD-4 diffractometer, using mono-
chromatized MoK, radiation (4= 0.71073 A). The cell
parameters of the two subsystems were refined independent-
ly from standard techniques and the reflection intensities of
the two subsystems (main reflections) were measured
separately. A systematic intensity collection of the satellite
reflections (first and second orders) was also performed.
Corrections for Lorentz and polarization effects were ap-
plied to the data set. No significant intensity variation was
observed during experiment for the three standard reflec-
tions chosen for each subsystem. Absorption corrections,
based on crystal morphology and using a Gaussian integra-
tion method, were applied to the reflection intensities with
the JANA9S program (12). Crystal data and experimental
conditions are given in Table 1.

3. SYMMETRY

Two independent lattices are systematically observed in
the diffraction pattern of the crystals studied. They are both
either orthorhombic (phase 2) or monoclinic (phases 1 and
3, unique axis b) and C centered in all cases. The cell
parameters of the two subsystems v are denoted a,, b,, c,
with v =1 or 2. The refined cell parameters are in good
agreement with those previously observed (a; = 4.83 A,
b, =4.554, b, =2.82 &) (4). Only phase 1 was previously
referred to and was described in a monoclinic symmetry.
The b; parameter was assumed to be related to the
[Ca,Co03] subsystem. For the three phases, the observed
0 = by/b, ratio (Table 1) deviates significantly from the 8/5
or 13/8 rational values, implying the incommensurate char-
acter of the composite crystals. It has been shown that
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symmetry of such composite phases is better described using
the four-dimensional formalism for aperiodic crystals (13).
Considering the main reflections of the second subsystem as
satellite reflections of M'® order of the h0! reflections of the
first subsystem (15), the diffraction vector can be written
s* = ha¥ + kb¥ + leT + MqY, where qf = a% + b5 = at +
SbY (a; = a, and ¢, = ¢,) is the modulation wave vector
associated with the first subsystem. It turns out that
s* = Ha¥ + KbT + Lcf + MqF™" (qF" = 6bY) with H =
h+ M, K=k, L =1 For the three phases, the condition
hkl: h 4+ k =2n leads to the same Bravais condition:
HKLM: H + K + M = 2n involving (33 04%) centering in
4D space. Within this description, HK L0 and HOLM reflec-
tions are the main reflections of the first and second subsys-
tems respectively while the others labeled HK LM stand for
the satellite reflections due to the mutual influence of the
two composite parts.

Only for the orthorhombic phase 2 can the superspace
group be foreseen without using HK L M satellite reflections.
Within each subsystem, the supplementary condition
0kl:1 = 2nis observed, implying the same space group (S.G.)
Ccmm for the two average structures; a centrosymmetrical
S.G. is assumed. This condition and the previous Bravais
condition lead to L = 2n for 0K LO reflections and to L = 2n
and M = 2n for O0LM reflections. This result suggests the
global condition OKLM: L + M = 2n typical of a super
glide mirror (§). The superspace group (S.S.G.) of the subsys-
tem v =1 is Cemm (160)s00; the S.S.G. of the subsystem
v =2 is related in a simple way to the previous one, inter-
changing in 4D space axes 2 and 4 (14-16), leading to Cnmm
(15710). Note that, actually, the symmetry elements of the
two S.S.G. are the same but with a different setting in the
respective unit cells. Otherwise the number of satellite reflec-
tions measured with I > 30(I) (Table 1) is too small to
discriminate between the two conditions OKLM:
L + M =2n and L = 2n. Concerning the two monoclinic
phases, two S.S.G. are possible, C2/m (160) and C2/m
(100)s0. The actual one can be found from the 0KOM reflec-
tion class but the number of these measured reflections and
their intensity are too small to conclude. It should be noted
that the S.S.G.C2/m (160)s0 is a subgroup of Ccmm (150)s00.
A noteworthy pseudo-extinction 00/, [ # 3n is involved in
the KOl diffraction pattern of phase 3.

4. REFINEMENT

The refinement was carried out for F values using the
JANAO9S program (12). Patterson maps, calculated without
the HOLO common reflections, were performed to determine
a structural model for each subsystem. This model is in
global agreement with the model previously proposed for
each subsystem of phase 1 (4). The relative ordering of the
two composite parts along the a and ¢ axes was checked up
using the only HOLO common reflections. The S.S.G.
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TABLE 1
Details of Data Collection

Phase 1 (assumed from
Weissenberg photographs)

Phase 2

Phase 3

Chemical formula
Crystal size (mm)
Crystal system

Cell parameters in /i(T =294 K)

First subsystem
Second subsystem

Superspace Group
0= bl/bz

Z

p(gem™, plem™")

o

[Ca,Co03][Co0,]1.62
Monoclinic

a, =4.83(2), b, = 4.54
c; = 10.76(3), p = 98(1
a, =4.83(2), b, = 2.82
¢, = 10.76(3), f = 98(1
C2/m(1,0,0)s0

1.62

2

—~

2),

(]

1),

= = =

[Ca,Co03][Co0;]1.62
0.174 x 0.132 x 0.024
Orthorhombic

a; = 4.834(1), by = 4.548(1),
¢y = 21.518(1)

a, = 4.834(1), b, = 2.8200(4),
¢, = 21.518(1)
Ccemm(1,0,0)s00

[Ca,Co03][Co0;];.62
0.168 x 0.252 x 0.024
Monoclnic

a, =4.836(1), by = 4.5462(1)
¢y = 32.473(5), p = 95.86(2)°
a, = 4.836(1), b, = 2.8200(4)
¢, = 32.473(5), p = 95.84(2)°
C2/m(1,0,0)s0

Wavelength (A)

Ormax (°), (510 (0/4)max

Internal consistency factor R;,,

(after absorption correction)
Subsystem 1

Subsystem 2

Extremal transmission factors

Tmin

Tmax

Number of parameters to be refined
Number of parameters actually refined
Weighting scheme

Residua

AP min (C/ ‘&3)

Apmas (¢/A%)

Number of unique reflections

(with I > 30I)

HKLM (The whole reflections)
Corresponding reliability factor R/wR
HKLM (K or M =0)

Corresponding reliability factor R/wR
HKLM (K and M = + 1)
Corresponding reliability factor R/wR

1.6191(5) 1.6191(5)

4 6

4.729, 13.52 4.677, 11.19
0.71073 0.71073

45, 0.995 45, 0.995

4.05 7.70

5.19 6.17

0.2355 0.2101

0.7207 0.7648

76 168

60 152

1/cF? 1/cF?

—2.34 —294

2.58 4.94

738 2415
0.0361/0.0340 0.0702/0.0637
709 2127
0.0344/0.0334 0.0663/0.0620
29 286
0.2067/0.2508 0.1850/0.2269

Ccemm(100)s00 foreseen for phase 2 and the S.S.G.
C2/m(160)s0 for phases 1 and 3 allowed a satisfactory
structural scheme to be found that explained the HOLO
reflections. Some problems were encountered during the
refinement of the first composite part. Fourier maps
calculated from the initial model showed an anomalous
spread of the electron density around the Co sites in the (a,
b) plane. It can be compared with the normal electron
density around the Co site within the second sublattice
(Fig. 1). It was explained with a split atom model consider-
ing both a main central site and four outer sites with minor
occupation rates. The refinement results suggest that this
model is better than this, assuming only four offset sites.
This solution was also preferred to a solution assuming
a central single site for the Co atom, because it implies

abnormally large values of harmonic atomic displacement
parameters (ADP) (17). As verified from refinement, this
spread of the electron density cannot be properly described
by the introduction of a displacive modulation for the Co
atom. This result is consistent with weak intensity observed
for the satellite reflections and holds for phases 2 and 3. An
anharmonic model for ADP was also attempted but did not
lead to significant improvements. However, other models
cannot be discarded owing to the disorder involved in the
[CoO] layers. Beside this phenomenon, a splitting of the
electron density of the oxygen atoms lying in the [CoO]
layer is also observed.

A displacive modulation was assumed and refined only
for the atoms not affected by the presumed static disorders.
The components of the displacement vector U% of the uth
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atom in the subsystem p were written as Fourier series
limited to the first and second harmonics,

2

Ubi(x4,) = > Al ,sin2nnxy , + B, ,cos2nnx ,
n=1
v=12 i=1273
- q:lr : (rl(t)»,] + pU) = *"‘ l-0 v + tva
where rf, and p, are the average position of the atom u in

the origin unit cell and a lattice vector of the subsystem
v respectively. As 0 is irrational, all the ¢, values in the [0, 1]
interval are physically significant.

The possible substitution of Ca for the Bi atom (bismuth
oxide was used by synthesis process) was carefully scruti-
nized by systematically refining the occupation of the Ca
site.
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Y, Y,

(a) ! (b) :

FIG. 1. Compared electron density of the Co atoms belonging to the
two composite parts, (a) Co(sublattice 1) and (b) Co (sublattice 2).

The hypothesis of the noncentrosymmetric S.S.G. was
also considered and tested but the refinement does not lead
to any convincing improvement. The refinement parameters
for phases 2 and 3 are respectively given in Table 2 and
Table 3.

TABLE 2
Structural Parameters for Phase 2

Atom Harmonic P X y z Uy or Uy, U,, Us;s Uiy, Uis U,s
Subsystem 1
Ca 0.4900(5) 0.1569(1) 0 0.13723(2) 0.0064(7) 0.0098(9) 0.011(1) 0° 0’ 0°
sin (27x,) 0.0156(5) 0° 0.00044(8)
cos (2nxy) (04 0 0°
sin (47x,) 0° 0° (1
cos (4nxy) 0 0° 0.0011(1)
Bi 0.0100(5) 0.1569(1) 0 0.13723(2) 0.017(7)
Co(la) 0.4824(5) 0.6584(2) 0 0.25 0.009(1) 0.018(1) 0 0° 0’ 0°
Co(1b) 0.1542(5) 0.7353(6) 0.0570(8) 0.25 0.008(1) 0.027(2) 0.0021(5) 0° 0° 0°
Co(1c) 0.1542(5) 0.5815(6) 0.0570(8) 0.25 0.008(1) 0.027(2) 0.0021(5) 0 o’ 0°
o1 1.0 0.6592(4) 0 0.1676(8) 0.0093(3)
sin (27x,) 0.003(1) 0 0
cos (2mx,) 0P 0 0P
sin (4mx,) 0° 0 0
cos (47nx,) 0° (0 0°
0O(2a) 0.28(3)  0.066(6) 0 0.25 0.015(5)
O(2b 0.28(3)  0.252(6) 0 0.25 0.015(5)
O(2¢) 0.22(2)  0.159(6) 0.0672(4) 0.25 0.023(4)
Subsystem 2
Co(2) 1.0 0.25 0.25 0 0.00222(7)  0.00624(9)  0.0044(1) 0° 0° 0°
sin (2nX,) (04 0 (04
cos (2nxy,) 0.0037(2) 0° — 00207(4)
sin (47x,) 0’ — 0.0026(4) 0
cos (4nx,) 0 (0 0
0(3) 1.0 0.5843(2) 0.25 — 0.04697(5) 0.0056(1)
sin (27x,) 0° 0° 0°
cos (2nxy) 0.005(7) 0° —0.0012(2)
sin (47x,) 0° 0.004(2) 0“
cos (4nxy) 0 0° 0.0014(2)

“Fixed because not significant within their standard deviations.
b Fixed by symmetry.
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5. DISCUSSION
5.1. A First Description of the Misfit Structures

The three composite structures can be described as an
alternation of distorted rock-salt-type slabs, formed from
[CaO][CoO][CaO] layers (first subsystem) and [CoO,]
layers (second subsystem), displaying a distorted CdI,-type
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structure (a, ~ b, \/5) stacked along [001] (Fig. 2). For
phase 1, an average structural model could be suggested
within the S.S.G. C2/m (160)s0 on the basis of the results
obtained with the other phases. Concerning the [CoO,]
layers, two configurations, labeled A and B, related through
a (001) mirror, are observed. It appears that the different
symmetries, orthorhombic and monoclinic, lead to distinct

TABLE 3
Structural Parameters for the Phase 3

Atom Harmonic P X y z Uyy or Uy, U,, Uss Uy, Uis U,s
Subsystem 1
Ca(1) 1.0 0.5531(2) 0 0.07502(3) 0.0062(3) 0.0108(4) 0.0147(4)  0° 0.0019(3) 0°
sin (271x,) —0.0130(4) 0° 0.00027(7)
cos (27xy,) 0’ — 0.0019(6) 0*
sin (47x,) 0P 0.0033(5) (0
cos (4nxy) — 0.007(5) 0° — 0.0003(1)
Ca(2) 1.0 — 0.0083(1) 0 0.07502(3) 0.00693) 0.0103(4) 0.0158(4) 0° 0.0019(3) 0°
sin (271X,) —0.0146(4) 0° 0.00020(7)
cos (2nxy,) 0° 0.0042(6) 0°
sin (47x,) 0’ 0.0011(5) 0*
cos (4nxy,) 0.009(5) 0’ 0.0010(1)
Ca(3) 1.0 0.0943(1) 0 0.045845(3)  0.0069(3)  0.0091(4) 0.0155(4)  0° 0.0017(3) 0°
sin (27x,) —0.0136(4) 0° 0.00020(7)
cos (2nxy) o’ 0.0042(6) 0°
sin (47x,) 0° —0.0012(5) 0°
cos (41xy,) 0.0015(5) 0’ — 0.0008(1)
Co(1) 0.466(8)0 0 0 0 0.019(1) 0.0099(8)  0.0028(6)  0° 0° (0
Co(la) 0.150(2) 0.0761(9) 0.0592(9) 0 0.015(1) 0.022(2) 0.00504) 0° 0.0020(6) 0°
Co(2) 0.404(6) 0.546(1) 0 0.33330(5) 0.0084(6) 0.0175(7)  0.0050(5) 0®° —0.00092) 0°
Co(2a) 0.14(3) 0.472(1) 0.056(1) 0.33320(9) 0.0122(9)  0.013(1) 0.0045(5) 0 —0.0016(6) 0°
Co(2b) 0.13(4) 0.617(1) 0.053(1) 0.33320(9) 0.0122(9)  0.013(1) 0.0045(5) 0 —0.0016(6) 0°
o(1) 1.0 0.0345(5) 0 0.0551(1) 0.0123(6)
sin (21x,) —0.002(1) 0’ 0.0004(2)
cos (2mx,) 0’ (0 0*
sin (47x,) 0° 0° 0°
cos (4nxy) 0 (0 0.0030(3)
0(2) 1.0 0.5826(5) 0 0.3888(1) 0.014(1)
sin (27x,) —0.003(1) 0’ — 0.0008(2)
cos (2mx,) 0P 0° (0
sin (47mx,) 0’ 0.012(2) 0*
cos (4nxy) 0 0° —0.0010(4)
0(3) 1.0 0.5048(6) 0 0.2780(1) 0.0134(6)
sin (27x,) — 0.004(1) 0° 0.0009(3)
cos(2mxy) 0P 0° 0*
sin (4mxy) 0b 0° 0°
cos (4nxy) 0.010(2) 0’ 0.0026(3)
O(4a) 0.129(6) 0.132(3) 0.5 0 0.0065(7)
O(4b) 0.369(9) 0 0.429(2) 0 0.0065(7)
O(5a) 0.283(5) 0.967(1) 0 0.3327(2) 0.029(6)
O(5b) 0.197(5) 0.105(2) 0 0.3326(2) 0.029(6)
Subsystem 2
Co(3) 0.896(2) — 0.47772(6) 0.25 0.16660(1) 0.0008(1)  0.0050(1) 0.0078(1) 0  0.0008(1)  0°
sin (271X,) o’ 0.0056(8) 0°
cos (2nxy,) —0.0032(2) 0° 0.00144(3)
sin (47x,) 0’ — 0.0008(5) 0°
cos (4nxy,) 0.0005(2) 0’ 0°
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TABLE 3— Continued

Atom Harmonic P X y z Uyy or Uy, U,, Uss Ui, Uis U,s
Co(4) 0.864(2) — 025 0.25 0.5 0.0012(1)  0.0063(2) 0.0060(2)  0° 0.0013(2) 0"
sin (2mx,) 0’ 0° 0*
cos (2mxy) —0.0052(2) (0 —0.00144(5)
sin (47x,) 0° —0.0015(8) 0b
cos (4nx,) ov (0 0’
O(6) 1.0 0.1054(3) 0.25 0.53116(6) 0.0098(3)
sin (27X,) ob —0.017(2) (0
cos(2mxy) —0.005(1) (0 —0.0015(2)
sin (4nx,) ob —0.010(3) (0
cos (4nx,) 0 (0 —0.0021(2)
O(7) 1.0 —0.2909(3) 0.75 0.19759(6) 0.0093(3)
sin (2mx,) 0’ 0“ 0°
cos (2mxy) 0.003(1) (0 —0.0021(2)
sin (4mx,) 0’ (0 0°
cos (4mxy) 0° (0 —0.0033(2)
0(8) 1.0 —0.1638(3) 0.25 0.13567(5) 0.0067(3)
sin (2nX,) ov —0.009(2) 0’
cos(2nxy,) — 0.005(1) 0’ 0.0006(1)
sin (4nx,) ov —0.027(2) (0
cos (4mxy,) —0.002(1) (0 —0.0017(2)

“Fixed because not significant within their standard deviations.
b Fixed by symmetry.

stacking of the [CoO,] layers, along [001], AA (phase 1),
ABA (phase 2), and ABBA (phase 3) (Fig. 1). Note that
correspondence between the A and B configurations is
achieved through a true mirror (phase 2) or a pseudo-mirror
(phase 3).

Some interesting results concerning the metric can be
explained from the structural properties and the symmetry.
The Ca atoms of the first subsystem have an intermediate
x position between those of the neighboring oxygen atoms
of the [CoO,] layers of the second subsystem. In the aver-
age structure of the different phases, all these [CoO,] layers
are quite similar. According to the refined x positions, one
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FIG. 2. Relative arrangement along a and ¢ of the two composite
subsystems ([010] projection) underlining the similar layer stacking along
[001] for the three phases: (a) phase 1, (b) phase 2, and (c) phase 3.

can easily deduce a shift A in x position between equivalent
Ca atoms at the same y position, on each side of the [CoO,]
layers (Fig. 3). For an A-type [CoQO,] layer (respectively
B-type), this shift A is  around —0.314a
(respectively + 0.314a). Considering the phase 1, the AA
sequence imposes a monoclinic symmetry where the f;

FIG. 3. Schematic representation of the relative stacking of the two
neighbouring [Ca,CoO;] layers across the [CoO,] layer.
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angle is accounted from the — A shift (sin(; —7/2) & + A/cy).
Furthermore, the existence of a local pseudo-mirror (Fig.
2a) allows the systematic twin phenomena to be explained,
which replaces the AA sequence by the BB one. The ABA
sequence (phase 2) is consistent with an orthorhombic sym-
metry, because the full shift, involved over a ¢ period, is
equal to A — A = 0. Lastly, the ABBA sequence (phase 3)
leads to a monoclinic symmetry but with a 53 angle different
of By (sin(fs —7/2) =(— A+ A+ (a — A))/c3).

5.2. The [CoO] and [CoO,] Layers

A main characteristic of the phases studied is indeed the
existence of disorder inside the [CoO] layers of the first
subsystem as shown by the refinement results. Therefore no
modulations was considered for these atoms during the
refinement and only the study of the oxygen environment of
the central Co site can be soundly proposed.

The [CoO] layers built from regular edge-sharing CoOg
octahedra appear as not consistent with the cell parameters
a; ~4.8and b; ~ 4.5 A, which are too large. As a result, all
the split oxygen sites are to be considered in the surround-
ing of the central Co site. The relevant Co-O distances are
given in Table 4 for the phases 2 and 3. A 3+2 trigonal
bipyramidal coordination for Co atoms can be considered
and is coherent with layers of vertices sharing polyhedra to
be built. Variants are possible involving either O(2a) or
O(2b) but likely occur in different layers. Three types of
interatomic distances are observed: two short apical distan-
ces (d) about 1.77 A (Table 7), one intermediate
(d ~ 1.90-2.15 &), and two long (d ~2.29-2.33 A) in the
equatorial plane. Isolated CoOg octahedra using O(2a),
O(2b), and O(2c)-type sites can also be considered with two
strong apical bonds and four median bonds (d =~ 1.95 /OX).

TABLE 4
Selected Co—O Distances d in [CoO] Layers Related to the
Main Central Co Sites

Phase 2 d(A) Phase 3 d &)
Co(1a)-0(1) 1.773(2) x2  Co(1)-O(1) 1.776(3) x2
Co(1a)-O(2b) 1.96(3) Co(1)-O(4a'it) 1.90(1) x2
Co(la)-O(2c") 1.97(2) x2 Co(1)-O(4b) 1.95(1) x2
Co(la)-O(2a) 1.99(3) Co(1)-O(4a) 2.330(2) x2
Co(la)-O(2a') 2.313(5) x2 Co(1)-O4a™) 2.330(2) x2
Co(la)-O(2b') 2.320(6) x2
Co(2) — O(3) 1.786(4)
Co(2) — 0(2) 1.792(4)
Co(2) — O(5ai) 204(1) x2
Co(2) — O(5b) 215(1) x2
Co(2) — O(5b') 2.289(2) x2
Co(2) — O(5a') 2.305(2) x2

Note.i: 1 + x,y,z;it: t + x, L + y,ziii: L —x, L —y, —z;iv: — x,
—zvitd+x, —3+yz
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The corresponding layers should then be built from different
coordination polyhedra including 3 + 2 environments like-
ly with central Co sites and surrounding ones.

The pseudo hexagonal [CoO,] layers are built from
CoOy octahedra sharing half of their edges with their neigh-
bors. For the two phases, quite similar Co-O average dis-
tances of 1.90 A are observed inside each octahedron. Two
main types of O-O distances 2.60 A (x6) and 2.80 A (x6)
are found, the smallest O-O distances corresponding to the
edge-sharing and resulting in a compressed [CoO,] layer
along [001]. The resulting strong distortion of the oc-
tahedra avoids too short Co-Co distances to be involved.

The bond valence calculation (18) applied to the Co-O
bond distances leads to the following results. Inside the

d(A)
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FIG. 4. Variations of the intersystem Ca-O distances (phase 2), ne-
glecting modulation (a) and considering modulation (b) and variation of
the Co-O distances in the [CoO,] layer versus the internal phase para-
meter ¢;. The curves drawn with solid and dotted lines refer to Ca in x, y,
zand 1/2 + x, 1/2 + y, z positions (Figs. 3A, 3B), respectively.
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TABLE 5
Minimum and Maximum Ca—O Distances d inside the First Subsystem
Phase 2 din (A) dnax (A) Phase 3 doin (A) dnax (A)
Ca-0O(1") 2.352(2) 2.381(2) x2 Ca(1)-0O(1%) 2.331(1) 2403(1) x2
Ca-0(2¢) 2.420(3) 2482(3) x2 Ca(1)-O(4bii) 2.434(2) 2463(2) x2
Ca-0(2a) 2.437(5) 2.493(5) Ca(1)-O(1) 2.437(3) 2.564(3)
Ca-0O(1") 2.437(3) 2.553(3) Ca(1)-O(4a'") 2.46(1) 2.51(1)
Ca-O(2b) 2.444(6) 2.519(6) Ca(1)-O(4a") 2.47(1) 2.49(1)
Ca-0(1) 2.453(3) 2.579(3) Ca(1)-O(1) 2.475(3) 2.625(3)
Ca(2)-0(3")) 2.325(1) 2.396(1) x2
Ca(2)-O(5b) 2.382(5) 2.463(5)
Ca(2)-0(3) 2.387(3) 2.560(3)
Ca(2)-O(5a) 2.395(5) 2.464(5)
Ca(2)-0(3") 2.468(1) 2.569(1)
Ca(3)-0(2") 2.294(1) 2.418(1) x2
Ca(3)-O(5b) 2.437(5) 2.509(5)
Ca(3)-0(2") 2.438(3) 2.528(3)
Ca(3)-0O(5a) 2.452(5) 2.507(5)
Ca(3)-0(2) 2.452(3) 2.572(3)

Note.i: 1 + x,y,z;it: 3+ x, 3+ y,zmiitt —x, 2 —y, —z3vi =14+ xyzvi—t+x, —3+yzvicd+x —1+y.2

[Co00O,] layers a mixed valence state of 3.5 is obtained.
Inside the [CoO] layers, the valence sum will depend on the
choice of the disorder sites involved in the environment.
A valence of 2.5 is calculated for the Co atoms in the
bipyramidal coordination while a value of 3.5 is found in the
octahedral coordination. Giving an appropriate and ap-
proximate weight to these valence states, derived from the
oxygen populations, an average valence state of about 2.8,
consistent with the global charge balance, is obtained. Fi-
nally, the results concerning the average valence states of Co
make it possible to assume an electronic charge transfer
from the [CoO] layers to the [CoO,] layers, which explains
the mixed valence in this last one.

5.3. Modulation Characteristics

A small but significant displacive modulation is involved
inside the two phases 2 and 3. It explains in a satisfactory
way the observed intensities of the HKL + 1 satellite reflec-
tions. The relatively high value obtained for the R factor (Table
1) is likely due to the weak intensity of this class of reflections.
Indeed, a quite similar R statistic is observed for the weak
main reflections. As expected, the displacive modulation
acts mainly on the atoms that are involved in the intersub-
system bonding scheme. The Ca atoms (first subsystem)
undergo main displacement along [100] while the oxygen
atoms (second subsystem) of the [CoO,] layers move pref-
erentially along the [010] misfit direction (Tables 2 and 3).

These displacement characteristics give rise inside phase
2 to a significant increase of the minimum Ca-O intersub-
system distances in reference to an average structure (Fig. 4).

It should be also noted that noteable variations of the Co-O
(Fig. 4) and O-0O distances in the [CoO,] layers are in-
volved. The resulting distortions of the CoOg octahedra
appear rather surprising in so far as rigid body behavior
could be expected for CoOg¢ octahedra in a CdI,-type layer.
Furthermore a remarkable correlation between the vari-
ations of the Co-O and Ca-O distances is observed (Fig. 4).
The maximum distortions of CoO4 octahedra occur in the
unit cells where the Ca-O intersubsystem distances are
minimum. Concerning phase 3, the action of the modulation
is less obvious. A similar behavior is observed for the min-
imum Ca-O intersubsystem distances related® to the Ca,

dA)
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FIG. 5. Variation of the intersystem Ca(2)-O(7) distances (phase 3)
versus the internal phase parameter t;. The curves drawn with solid and
dotted lines refer to Ca in x, y, z and 1/2 + x, 1/2 + y, z positions respec-
tively.
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TABLE 6
Compared Minimum Intersystem Ca—O Distances
(6 ~0.002 A) of Phase 3 within the Modulated (¢) and the
Average (d*) Composite Structure

Phase 3 Amin (/o\) diin (A)
Ca(1)-O(8) 2.265 2.324
Ca(1)-O(8Y) 2.266 2.280
Ca(2)-O(7"H) 2.361 2.327
Ca(2)-0(7) 2.410 2.281
Ca(3)-0(6"}) 2.333 2.318
Ca(3)-0(6™) 2.377 2273

Note. i: 1+ x,y,z;i: 5+ x, 3+ y,z vii —3+x, — 3+ y,z vii: 3 — x,
31—y 1—zix: —x,1—y,1— z Theintersystem Ca-O distances of phase
2 are drawn in Fig. 4 as a function of the internal phase parameter ¢;.

and Ca; atoms (Table 6), but the smallest Ca—O distances
are distributed over a t range larger than that in the orthor-
hombic phase (Fig. 5). In contrast for the Ca,; atom located
between two [CoO,] layers of same configuration (B), the
displacive modulation shortens the minimum average
Ca-O intersubsystems distances (Table 6). Otherwise, the
variation amplitudes of the Co-O distances in CoOg oc-
tahedra are more important in phase 3 than in phase
2 (Table 7 and Fig. 4). The existence of Co vacant sites
suggested by the refinement results (Table 3) could be re-
lated to this property.

The minimum and maximum Ca-O distances observed
inside the first sublattice are given in Table 5. The average
Ca-0 distances (d) are ranged in the same rather narrow
interval (d ~ 2.35-2.55 A) for phases 2 and 3 (Table 5).
Otherwise, within each Ca environment, Ca-O distances are
significantly shorter than the others and correspond to
strong bonds established along the [010] misfit direction.
Table 6 shows also the existence of short Ca—O distances
between the two subsystems in some unit cells. As a result, in
these unit cells three strong bonds with d ~ 2.35 A (two

TABLE 7
Minimum and Maximum Co—O Distances inside the [CoO,]
Layers (Second Subsystem) for Phase 3

Phase 3 din (A) A (A)
Co(3)-O(8") 1.811(2) 1.992(2)
Co(3)-O(7") 1.832(2) 1.966(2)
Co(3)-0(7) 1.855(2) 1.970(2)
Co(3)-0(8) 1.880(2) 1.923(2)
Co(4)-O(6") 1.838(2) 1.997(2)
Co(4)-0(6) 1.872(2) 1.933(2)

Note. vi: — % 4 x, 1 + y,z. The Co-O distances of phase 2 are drawn in
Fig. 4 as a function of the internal phase parameter ¢,.
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bonds along [010], the third one in (010) plane) are estab-
lished, reinforcing locally the cohesion between the two
composite parts. This local strong interaction between the

two subsystems was also evidenced in the misfit layer com-
pound [Big g751r0,], [C0O,]; 55 (10, 11).

6. CONCLUSION

The previous study devoted to the misfit layered structure
Ca;Co40, proposed an ideal structural model derived from
the microscopy and powder diffraction experiment (4). Such
a model could here be confirmed, with the 4D structure
refinement of two related phases. These two new phases
prove the existence of a possible polytypism in this layered
system, based on different mutual orientations of the
[Co0O,] layers. The different lattice symmetries, orthorhom-
bic or monoclinic, are a direct consequence of these different
stacking schemes. According to the refined structural para-
meters, it should be now possible to perform structure band
calculations, which would help for a better understanding of
physical properties and for the confirmation of a charge
transfer between the two types of layers. An issue still to be
studied concerns the [CoO] layer of the first subsystem
which is still characterized by an important residual dis-
order that still prevents any definite derivation of the Co
coordination. New preparations are in progress to reduce
this type of disorder.
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