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A misfit layer compound has been isolated in the Ca—Cu—Co—0 system. It is constituted
of two interpenetrating orthorhombic F sublattices exhibiting incommensurate periods along
the [100] direction. The structure, determined by single-crystal X-ray diffraction using the
4D superspace formalism, is closely related to other oxide structures already depicted in
the literature and corresponds to an alternate stacking along [001] of one-dimensional [MO.]
chains (M = Cu or Co) and of Ca layers. A displacive modulation allows a satisfying bonding

scheme for the Ca—O intersystem distances.

Introduction

In recent years, constant attention has been focused
onto mixed transition metal oxides involving copper in
low-dimensional structural environments. This was al-
ready the case for the large and famous family of bi-
dimensional high-T, superconducting cuprate oxides?! in
which transport properties are directly related to the
existence of CuO; planar sheets with copper in a corner
sharing square-planar configuration. The related parent
structure is the infinite-layer structure with planar Cu-
O, sheets separated by Ca or Sr atoms.22 Another family
closely related to the previous ones concerns the so-
called spin-ladder misfit compounds,* where the inter-
penetration of two sublattices is observed; the first one
consists of zigzag chains of edge-sharing CuO4 units,
joined together by bridging O atoms to build ladders;
the second one is built with independent edge-sharing
CuOq4 chains. The same type of chains has also been ob-
served in other systems: Cag gsCuO,, NaCuO,, Srp 73Cu-
0,, and Ba,Cu30s.571% Another analogy can be found to
layered cobalt oxides such as NayCoO,'112 or CazCoy-
Og_s.13715
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In these different systems, structural incommensu-
rabilities are often encountered: modulated Bi-based
high-T. superconductors, misfit spin-ladder compounds,
and misfit lamellar calcium—cobalt oxides. The misfit
character of these last structures is particularly inter-
esting, since it allows mixed valence for the Cu or Co
atoms, even without change in the oxygen stoichiometry.
In the case of alkali earth copper oxides, such incom-
mensurabilities are also observed from electron or X-ray
diffraction,510.16-18 implying likely mixed valences in
such compounds.

In the present paper, synthesis and characterization
of the mixed cobalt—copper oxide Cag g2(Cug.e5C00.3502)
are presented and the refinement of the actual compos-
ite structure is described using the 4D formalism for
incommensurate structures. Very recently, a 4D struc-
tural description of the CaggsCuO, was given,® using
powder diffraction data. The present study confirms the
adequateness of the description for a new mixed Cu—
Co compound in a new orthorhombic space group.

Experimental Section

Synthesis. Cags2(CuoesC003502) single crystals were pre-
pared in two stages. A precursor was first synthesized using
Ca0, Co304, and CuO. The reactants were weighted according
to the above formula. The mixture was pressed into bars and
heated at 1000 °C for 24 h. A powder was obtained with the
chemical formula Cags2(Cuo.e5C00.3502). Second, K,COsz; was
added in the ratio K:Ca = 3. The mixture was then mingled
in 100 mL of deionized water to increase the homogeneity. The
obtained blend was placed in a crucible and heated at 150 °C
for 24 h. The preparation was then heated to 1000 °C, using
a 100 °C/h gradient, kept at this temperature for 100 h, and
then slowly cooled at 10 °C/h. Single crystals, platelike shaped,
were mechanically isolated.

X-ray Diffraction. A preliminary study, to check crystal
quality and to characterize the symmetry, was carried out
using a Weissenberg camera, showing the composite character
of the crystals. They exhibit two orthorhombic sublattices of
different parameters along the a axis (a; = 2.80 A and a; =
3.39 A) and the same parameters along the b and ¢ axes (b, =
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Table 1. Details of Data Collection

chemical formula

crystal size (mm)

crystal system

cell parameters (A) (T = 294 K)

Cap.82(Cuo.65C00.3502)
0.0250 x 0.0875 x 0.3125
orthorhombic

first subsystem a; = 2.801(1)
b1 = 6.290(3)
c1 = 10.573(5)

second subsystem a; = 3.391(1)
b, = 6.290(3)

o = 10.573(5)
superspace group

first sublattice Fmmm(a11)0ss
second sublattice Fmmm(o~111)0ss
o= ai/az 08260(4)
z 4
p (g-cm3), u (mm~1) 4.541, 12.752
wavelength (A) 0.71073
Omax(®), (SIN(O/A)max 45, 0.995
internal consistency factor Rint
subsystem 1 (main reflctns) 1.15
subsystem 2 (main reflctns) 2.36
extremal transmission factors
Tmin 0.3577
Tmax 0.7284
no. of params to be refined 34
no. of params actually refined 26
weighting scheme 1/ 0?
residual
Apmin (e/A3) —-1.85
Apmax (e/A3) 2.43
no. of reflections (obsd/measd)
HKLM 479/591
corresponding reliability 2.36/2.98
factor R/Ry, (%)
HKLM (H and/or M = 0) 442/468
corresponding reliability 2.15/2.61

factor R/Ry, (%)
HKLM (H or M = + 1) 19/60
corresponding reliability 5.51/4.98
factor R/Ry, (%)
HKLM (H or M = + 2) 18/63
corresponding reliability 14.21/16.05
factor R/Ry, (%)

b, = 6.29 A, ¢; = ¢; = 10.57 A). Moreover, the diffraction
pattern displays some weak reflections along the [100]*
direction, indexed as satellite reflections. The chemical formula
Caps2(CugesC00.3502) of these crystals was established from
EDS analysis with Ca as reference (Ca, 1; Cu, 0.80(2); Co, 0.42-
(2)). The corresponding [Ca]/([Cu] + [Co]) ratio is equal to the
o = as/a; ratio, within the experimental uncertainties.

The diffracted intensities were collected on an Enraf-Nonius
CAD-4 diffractometer, using monochromatized Mo Ka radia-
tion (A = 0.710 73 A). The cell parameters of each subsystem
were refined from 25 independent reflections, and the main
reflections of each sublattice were measured separately. A data
collection of satellite reflections of both subsystems (first and
second orders) was also performed, but, owing to their weak
intensities, few of them could be detected and measured.
Corrections for Lorentz and polarization effects were applied
to the data sets. No significant intensity variation was
observed during the acquisition for the three standard reflec-
tions chosen for each recording. An absorption correction,
based on crystal morphology and using a Gaussian integration
method, was applied to reflection intensities with the program
Jana2000.'° Crystal data and experimental conditions are
given in Table 1.

Symmetry

The two orthorhombic sublattices of the composite
structure are F centered. The a parameters of both
sublattices exhibit an incommensurate a ratio (o. = as/

(19) Petricek, V.; Dusek, M. Inst. Phys. Acad. Sci. Czech Republik,
Prague, 1998.

Chem. Mater., Vol. 14, No. 12, 2002 4905

a, = 0.8260(4)). The use of the four-dimensional formal-
ism (4D) for aperiodic crystals?° allows us to index all
the reflections and to obtain a global symmetry for the
two sublattices. Considering the main reflections of the
second sublattice as satellite reflections of the Mth order
of the Okl reflections of the first subsystem,?! the
diffraction vector can be written as s* = ha] + kb] +
Ic; + Mdaj, where g7 = a5 + b3 + ¢; = aaj + b} + ¢} is
the modulation vector associated with the first sub-
system. This can also be written as s* = Haj + Kb] +
Lc + Mai'"™" where ;""" = aa} with H =h, K=k + M,
and L = | + M. The reflections HKLM, M = 0
(respectively, H = 0), are then considered as main
reflections of the first subsystem (respective of the
second one). The other reflections HKLM, H and M =
0, are satellite reflections and are the consequence of
the modulated interaction between the two sublattices.
Different reflection conditions are observed: HKLM, H
+K+M=2nH+ L+ M=2n,and K + L = 2n,
involving (1/2, 1/2, 0, 1/2), (1/2, 0, 1/2, 1/2), and (0, 1/2, 1/2, O)
centering in 4D space. Moreover, only the reflections M
= 2n can be observed for the reflections (HOLM) and
(HKOM), suggesting two glide mirrors (). The super-
space group (SSG), associated with these conditions, is
Fmmm(al11)0ss or F2mm(a11)0ss for the subsystem »
=1 and Fmmm(a~111)0ss or F2mm(o.~111)0ss for the
subsystem v = 2.

Refinement

The refinement was carried out with the structure
factors, using the four-dimensional formalism2° and the
program JANA2000.1° Patterson maps were calculated
without the OKLO main reflections, to determine a
structural model for each subsystem. For the first
subsystem, the Fourier maps are compatible with an
occupation of a cationic site at the cell origin by both
copper and cobalt elements. The use of X-ray diffraction
does not allow us to distinguish between the copper and
cobalt atoms. A mixed occupation was fixed with a ratio
corresponding to the EDS results. The relative position
of the two component structures was determined using
the (OKLO) common reflections. Anisotropic atomic
displacement parameters (ADPs)?? were used for each
atom.

A displacive modulation was assumed and refined for
each atom. The components of the displacement vector
U’ of the uth atom in the subsystem v were written as
Fourier series limited to the first and second harmonics.

2

Uyi(x,,) = ) Al sin 2anx, , + BY; , cos 27nx)
&
v=1,2 i=1,23

%, =" (G, +p,)=a;rg, +t,
where g, is the average position of the atom « in the
origin of the unit cell (ao,, bo,, Co,,) and p, a lattice vector
of the subsystem ». All terms not fixed by the 4D
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Table 2. Structural Parameters

Lambert and Grebille

atom X y z Uqq Uy Uss Uy Uiz Uzs
Subsystem 1
Cu 0.652 0 0 0 0.0047(1) 0.0091(2) 0.0043(1) o (o 0P
Co 0.352 0 0 0 0.0047(1) 0.0091(2) 0.0043(1) QP QP QP
O Y, 0 —0.1198(2) 0.0110(7) 0.028(2) 0.0043(5) o° ob ob
Subsystem 2
Ca 0 n N 0.0231(6) 0.0060(2) 0.0070(2) o° o ob
a Fixed from (EDS) result. ® Fixed by symmetry.
Table 3. Fourier Terms of the Displacive and (ADPs) Modulations
atoms harmonic X y z
Cu/Co Sin(27Xs) 02 02 02
C0S(271%4) 02 02 02
sin(4mxs) 0.0020(3) 02 02
C0S(47Xs) 02 02 02
e} sin(27X4) 02 02 02
€0S(27Xa4) 02 0.0670(6) 02
Sin(4mxs) —0.030(1) 02 02
c0s(47Xa) 02 02 —0.0032(3)
Ca sin(27Xs) 02 02 02
€0S(271X4) 02 02 02
sin(4mXs) —0.013(1) 02 02
C0S(47tXa) 02 02 02
atoms harmonic Uiz U Uss U1 Uis Uzs
Cu/Co Sin(27X4) 02 02 02 02 02 02
c0S(27Xa) 02 02 02 02 02 —0.0013(2)
sin(4mXs) 02 02 02 02 02 02
€0S(47Xa4) —0.010(2) QP QP 02 02 02
(0] Sin(27%s) 02 02 02 —0.011(2) 02 02
€0S(27Xa) 02 02 02 02 02 QP
sin(4mXs) 02 02 02 02 oP 02
€0S(47Xa) —0.009(2) —0.026(2) ob 02 02 02
Ca Sin(27X4) 02 02 02 02 02 02
€0S(27X4) 02 02 02 02 02 —0.0016(4)
sin(4mXs) 02 02 02 02 02 02
€0S(47Xa) —0.014(2) ob 0P 02 02 02

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

symmetry (Table 3) were refined. Only the significant
values, larger than 3 times the standard deviations,
were considered again in a second refinement. The
modulation improved significantly the reliability R
factors, which decreased from 6.51% to 2.15%. The Cu
and Co atomic positions, modulation functions and ADP
parameters were constrained to be the same.

As a is irrational, all the t, values in the [0,1] interval
are physically significant.

The centro- and noncentrosymmetric SSG were both
considered in the refinement, but the use of the
F2mm(al1)0ss SSG does not lead to any convincing
improvement. The refinement parameters are given in
Table 2 and Table 3.

Discussion

Nonmodulated Composite Structure. The non-
modulated composite structure is obtained by neglecting
the modulation scheme. This structure, refined from the
main reflections, is related to a structural model first
proposed by Babu and Greaves.®> The first subsystem
(a1 = 2.80 A) consists of [100] chains of edge-sharing
MO, (M = Cu or Co) square units and the second (a; =
3.39 A) is formed from (001) Ca planes (Figure 1). Such
a rare square coplanar coordination for the Co atom was
already described.2324 The composition Cagg;MO,, es-
tablished from the EDS analysis, can be explained from

a
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o [ ] &
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Cl® © O 00000
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b —pi
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Figure 1. Composite structure of Caggz(Cuoe5C00.3502), ne-
glecting the modulation, projected (a) along [100] and (b) along
[010] (—0.10 = y =< 0.35).

the total occupation of the Ca sites in the second
sublattice. The refinement of the Ca occupancy in the
second sublattice led to a total occupation of the site
and confirmed the EDS analysis. As a matter of fact,
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Figure 2. Variations of the intersystem Ca—O distances
versus the internal phase parameter t;, (a) neglecting modula-
tion and (b) for the modulated structure.

the o composite ratio corresponds to the Ca ratio in the
above formula. This gives a new interpretation of the
ratio obtained by Babu et al.,> in the case of the pure
cuprate Capg,CuO; (a=2.807 A, b=6.321 A, and ¢ =
10.573 A, Fmmm SG). This ratio was only calculated
from the refined partial occupation (0.425) of the Ca site.
This is also confirmed by the same type of calculation
for the Sro73CuO; compound.® In fact, the composite
description of these pure cuprates clearly explains these
nonstoichiometries. The reliability factor R obtained
from the average structure is 6.51% with large ADPs
for the oxygen atom along the [010] direction. Moreover,
the distance Ca—0O appears too short (dmin = 2.092(6)
A) (Figure 2a).

Modulated Structure. The global reliability factors
are clearly improved by the introduction of modulation
parameters. The refinement result shows significant
displacive and ADP modulation parameters for all

(23) Kim, J.; Swinnea, J.; Steinfink, H. J. Less Commmon Met.
1989, 156, 347—355.

(24) Yamamoto, N.; Kawano, S.; Achiwa, N.; Higashi, S. J. Phys.
Chem. Solids 1962, 23, 711-727.
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atoms (Table 3). The weight of the satellite reflections
(HKLM with H= 0 M = 0) is not very important in the
refinement process, because of both their very small
number and their weak intensity. Despite of this weak
intensity, the R factor calculated with these reflections
is rather good (Table 1), especially for first-order satel-
lites. The larger displacements are observed for Ca and
O atoms. According to the relative position of the Ca
atom (second sublattice) along the composite direction,
the oxygen atom undergoes displacements along the
[010] and [100] directions (Figure 3). These displace-
ments result in a significant increase of the minimum
Ca—0 intersystem distances (dmin = 2.290(3) A) (Figure
2b). As a matter of fact, because of the composite
scheme, the average positions of the Ca and O atoms
are directly facing each other in some particular cells
in the crystal. Consequently, our 4D refinement con-
firms the preliminary model given by Babu et al.> The
same behavior was already observed in the case of Srg 73-
Cu0,.° Note that this structure was only refined in a
large supercell model (a = 40.968 A, b = 6.823 A, and
¢ = 11.026 A with the Cmcm space group). Nevertheless,
for Srp.73Cu0,,° two independent orthorhombic sublat-
tices are clearly seen: one is F centered and corresponds
to the same CuO; chain lattice observed in our case.
The second one, defined by the Sr atoms, is given as C
centered, whereas our Ca lattice is F centered. This
probably corresponds to another superspace symmetry
group. Concerning the composite CapgsCuO,,® the two
sublattices are F centered, as in our study, but are
characterized by a monoclinic symmetry.

Concerning the MO, chain lattice (M = Cu or Co), a
noticeable variation of the M—O distances is observed
(1.838(2) A < dwm - 0 < 1.990(2) A) (Figure 4). These
values are usual for the Cu or Co atoms in a square-
planar configuration8916.23 (1.8639 A < dy_o < 1.975
A) and for the CuO, chains in the spin-ladder com-
pounds (1.858 < dcy-o =< 1.922).2526 The M site is
weakly modulated (Table 3); Then, the corresponding
M—M distances are roughly constant as well for intra-
chain (d = 2.803(1) A) as for interchain (d = 3.445(1)
A) ones. These observations are in agreement with
similar distances observed for the pure cuprate.568

However, the studied crystal displays a noticeable
difference with the CuO, chains in the Srg 73CuO, com-
pound. In this last structure, the true mirror plane, orth-
ogonal to the ¢ axis, imposes undulations of the CuO,
chains (Figure 5a). The O atoms at the same x position
are in phase. On the contrary, in the Cagg(Cuges-
Co0.3502) structure, the corresponding glide mirror in
4D space implies twisted displacements of the (Cu/Co)-
O4 unit (Figure 5b) resulting from the out-of-phase
relation between the atoms connected to O. The same
undulation of CuO; chains is observed in the pure
cuprate CaggsCu0,® (Figure 5c).

The bond valence calculation?” yields an average
valence of 4+2.10 for the calcium atoms, close to the
expected value (+2) and of +2.30 for the cationic M site.
The same values are calculated for the compound Cag gs-

(25) Frost-Jensen, A.; Petficek, V.; Larsen, F.; McCarron, E. Acta
Crystallogr. 1997, B53, 125—134.

(26) Leligny, H.; Raveau, B.; Leonyuk, L.; Maltsev, V. J. Solid State
Chem. 2002, 163, 17—26.

(27) Brese, N.; O'Keeffe, M. Acta Crystallogr. 1991, B47, 192—197.
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Figure 3. Relative displacements of the O and Ca atoms, versus the internal phase parameters t; (a) and t; (b).
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Figure 4. Variations of the (Cu/Co)—O distances versus the
internal phase parameter t;.

Cu0,.18 It can be explained considering a +2 valence
state for the Cu atoms and +3 for the Co atoms.
Preserving the electroneutrality, a limiting model can
be proposed by assuming the ideal cationic composition
and a valence of —2 for the oxygen atoms: Cag g,(CUg b5
Cog5e02).

Conclusion

The present study exhibits the composite character
of the Cap g2(Cuo.65C00.3502) compound. The 4D compos-
ite analyses allow us to give an accurate quantitative
description of the incommensurate modulated atomic
positions in both sublattices. This structure clearly
presents very close analogies to the related binary
cuprate compounds Cap gsCuO2, Cagg3CuO,, and Srq 73-
CuO,. The present results about the mixed copper—
cobalt compound give new insight to the structures of
these pure copper phases.

Nevertheless, some differencies are still to be ex-
plained. In the case of the Ca compound or of its
Y-substituted related compounds,® both electron dif-
fraction and powder X-ray diffraction are compatible

e0230302030303025308%02025809
bT Ceps0%0802,803020285380302050s80

€02,308020303080203080802,309

e Cu Sr o0

» d
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s03025252680802802525268080209
CsCs0e520%08080s02520580808 0380
sQ20252525308L80262525308L20s

eCu Ca 90
» d

(b)

s0302525308203 080252530888 025
Qas0sGe595308080252 53030808027
sC20252520308 020252030308 025e

eCu/Co-Ca 20
> 2

(¢

Figure 5. Comparaison of the orientation of MO, planar
chains between the Sry73CuO; structure (Karpinski et al.?) (a),
the CapgsCuO, structure (Miyazaki et al.f) (b), and the
composite studied Cag s2(CuUo.65C00.3502) (C).

with a different symmetry and with two components for
the modulation vector in the (a,c) plane. This is only
compatible with a monoclinic symmetry, and the struc-
tural modulated models were proposed in this global
monoclinic symmetry.16-1828 As a matter of fact, our
orthorhombic 4D symmetry cannot explain all the
diffraction lines observed in the Capg,CuO, powder
diffraction pattern.>® This symmetry can simply be
explained by the introduction of a difference of phase
in the stacking of the different corrugated slabs along
the [001] direction. Such shifts between layers were
already proved to be responsible for a similar lowering
of the symmetry in the misfit layered cobaltites.!®
Moreover, the real symmetry of the Ca sublattice is
still to be clarified. Most of the time, the Ca sublattice
was described as disordered and partially occupied. In
the present study, the stoichiometry is perfectly ex-
plained by the composite character of the structure, and

(28) Davies, P. J. Solid State Chem. 1991, 95, 365—387.
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this allows us to rule out any disorder phenomenon. The
Ca sublattice is then characterized by an F-centered
orthorhombic lattice, in agreement with the 4D sym-
metry of the global structure.

Finally, we have also proved here a possible substitu-
tion of Co for Cu in this type of structure, which could
be compatible with a charge localization of the type
Cug s Cogta. The question of the ordered or disordered
distribution of the metal in this site cannot be answered
by using standard X-ray techniques and needs either

Chem. Mater., Vol. 14, No. 12, 2002 4909

anomalous X-ray diffraction or neutron diffraction
experiments. Moreover, the study of the influence of
such a substitution on the physical properties is still in
progress.
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