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We have determined the crystal structure of the quasi one-
dimensional cuprate Ca0.83CuO2, known as Ca4Cu5O10, etc., by
a superspace group approach. The compound consists of two
interpenetrating subsystems of CuO2 chains and Ca atoms.
Structural parameters were re5ned with a superspace group of
F2/m(1�� 0 �)0s using powder X-ray and neutron di4raction
data. Lattice parameters were re5ned to be a1 � 2.8043(2) As ,
b � 6.3179(2) As , c1 � 10.5744(5) As , and �1 � 90.10(1)3 for the
[CuO2] subsystem and a2 � 3.3652(2) As , b � 6.3179(2) As ,
c2 � 10.5893(5) As , and �2 � 93.04(1)3 for the [Ca] subsystem.
Remarkable displacive modulation of the O and Ca atom sites is
observed parallel to the b-axis and the c-axis, respectively. On
the other hand, the Cu atom sites deviate mainly in the a direc-
tion to yield a periodic 6uctuation between the nearest Cu+Cu
distances. The Ca atoms suitably sit in the center of the
modulated O6 octahedra. � 2002 Elsevier Science (USA)

Key Words: low-dimensional compound; composite crystal;
superspace group; cuprate; Rietveld re5nement.

INTRODUCTION

Quasi one-dimensional (1D) cuprate Ca
���

CuO
�

(x&0.15) has recently attracted much interest owing to its
uniquemagnetism (1}5) and crystal structure (3, 6}11). Since
the compound has an in-built Ca de"ciency, the formal Cu
valence (Cu��) becomes &2.3, where approximately one}
third of the Cu sites are hole}doped nonmagnetic (S"0)
state. Extensive studies have been performed to investigate
the present compound as a diluted S"�

�
magnetic system,

revealing that the magnetic behavior can be well described
as a mixture of Curie}Weiss, spin dimer, and/or alternating
Heisenberg chain components (1, 4, 5, 12). Most of the
doped holes are believed to be localized, leading to the
dilution of long-range spin correlations. The crystal struc-
ture of the compound on the other hand, has not yet been
fully determined. Several chemical formulas, Ca

�����
CuO

�
(13), Ca

����
CuO

�
(2), Ca

���	
CuO

�
(1, 7}10), Ca



Cu

	
O

��
(6,
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14, 15), Ca
���

CuO
�
(4, 5, 11), etc. have been proposed to

express this compound but the precise composition is still
controversial. Earlier structure work made by Siegrist et al.
(6) and Babu and Greaves (7) demonstrated that the basic
structure is closely related to that of NaCuO

�
(16). The

stoichiometric compound belongs to a monoclinic system,
C2/m, with lattice parameters of a"6.3512(2) As , b"

2.7474(1) As ,c"6.1027(2) As , and �"120.767(2)3. The struc-
ture consists of 1D CuO

�
chains with sharing opposite

edges of CuO


squares and Na atoms locating between the

chains to form the NaO
�
octahedra. The Ca-de"cient ana-

logue, in contrast, shows superlattice re#ections in the dif-
fraction patterns due to a periodic di!erence between the Ca
atoms and the CuO

�
chains. An atomic displacive modula-

tion usually occurs in such a &&composite crystal'' through
mutual interactions between the subsystems. One can
obtain an approximate structure of a composite crystal
through conventional structure re"nement methods by
assuming statistical distribution of the atoms (6, 7). Taking
a larger unit cell with nearly commensurate composition
often gives more adequate solution of the structure (17).
However, such a structure analysis usually yields a large
number of re"nable parameters and it often causes obscure
understanding of the structure. In contrast, introduction of
a higher dimensional superspace group into the structure
analysis allows a simple description of the composite crys-
tal. Moreover, this approach makes a uniform treatment of
the compound system, which changes its stoichiometry
incommensurately, as observed in the present solid solution
system, (Ca

���
Y
�
)
���

CuO
�
(11). In this study, we have

re"ned the crystal structure of the title compound by means
of a four-dimensional superspace group approach. Rietveld
re"nement, using a set of powder X-ray and neutron di!rac-
tion data, has precisely revealed the remarkable modulated
arrangement of the &&CuO

�
ribbons'' along the a axis.

EXPERIMENTAL

Polycrystalline samples were prepared by the standard
solid-state reaction method. Appropriate amounts of



TABLE 1
Initial Fractional Coordinates and Isotropic Atomic

Displacement Parameters, B, for the Fundamental Structure of
Ca0.83CuO2

Subsystem 1: [CuO
�
] x("x

�
) y ("x

�
) z ("x

�
) B(As �)

Cu 0.0 0.0 0.0 1.0
O 0.002 0.0 0.380 1.0

Subsystem 2: [Ca] x("x


) y ("x

�
) z ("x

�
) B(As �)

Ca 0.0 �



�



1.0

TABLE 2
Re5ned Fourier Amplitudes and Modulation Vector

Components � and � of Ca0.83CuO2

Atom A
�

A
�

B
�

A
�

B
�

Subsystem 1: [CuO
�
]

Cu x ("x
�
) 0 0 0 0 !0.009(4)

y ("x
�
) 0 0 !0.012(1) 0 0

z ("x
�
) 0 0 0 0 !0 001(1)

B !0.31(9) 0 0 0.9(3) 0
O x ("x

�
) !0.011(3) 0 0 0.007(5)!0.035(4)

y ("x
�
) 0 0.065(1) 0.005(2) 0 0

z ("x
�
) !0.0053(4) 0 0 !0.003(1)!0.012(1)

B !0.23(11) 0 0 0.3(2) 1.4(2)

Subsystem 2: [Ca]
Ca x ("x



) 0 0 0 0 0.013(8)

y ("x
�
) 0 0 !0.003(3) 0 0

z ("x
�
) 0 0 0 0 0.011(2)

B !0.36(18) 0 0 !1.4(6) 0

Modulation vector components: �"0.8333(2), �"0.1650(9)
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CaCO
�
(99.9%) and CuO (99.99%) powders were mixed

with an agate mortar and pressed into pellets. The pellets
were heated at 8303C for 20 h under #owing oxygen gas.
Then, the samples were furnace cooled to room temper-
ature, ground, and pelletized again. Higher sintering tem-
perature resulted in the formation of Ca

�
CuO

�
but this

phase gradually disappeared when further sintered at
8303C. Total sintering time of 360 h is necessary to obtain
well-crystallized single-phase samples under 1 atm of oxy-
gen gas.
X-ray di!raction (XRD) data were collected with CuK�

radiation at room temperature in the 2� angular range of
10}1003 with a 0.0403 step using a Rigaku RAD-C di!rac-
tometer equipped with a curved graphite monochromator.
Neutron powder di!raction (ND) data were collected at
room temperature by the use of the HERMES di!rac-
tometer of the Institute for Materials Research (IMR),
Tohoku University, installed at the JRR-3M reactor in the
Japan Atomic Energy Research Institute (JAERI) (18). The
incident neutron beam was monochromatized to
�"1.8196 As . The XRD and ND data were analyzed simul-
taneously using a Rietveld re"nement program, PREMOS
91 (19), designed for modulated structure analyses. Crystal
structures and interatomic distance plots were drawn with
PRJMS and MODPLT routines; both are included in the
PREMOS 91 package.

RESULTS AND DISCUSSION

Structure Rexnement

The structure model was constructed on the basis of the
report by Miyazaki et al. (11) in which a face centered
monoclinic unit cell was adopted. We assigned the CuO

�
chains to subsystem 1 and the Ca atoms to subsystem 2. All
the XRD and ND re#ections were indexed assuming two
monoclinic unit cells with a common b axis (b&6.32 As ) and
di!erent a and c axes: a

�
&2.80 As for subsystem 1 and

a
�
&3.36 As for subsystem 2. The relationship between the

c-axis lengths of both subsystems is c
�
sin�

�
"c

�
sin�

�
.

Four integers, HK¸M, are required to fully index those
re#ections, including satellite peaks that originated from the
interaction between the subsystems. The reciprocal base
vectors of the Ca subsystem, (a*2 , b*2 , c*2 ), can be expressed
using those of the CuO

�
subsystem, (a*1 , b*1 , c*1 ), as

a*2 "�a*1 #�c*1 , b*2 "b*1 , c*2 "c*1 . The observed systematic
absences of the re#ections are as follows:H#K#M"2n,
H#¸#M"2n, andK#¸"2n forHK¸M;M"2n for
H0¸M. From these conditions, the allowed symmetry for
both subsystems are F2, Fm, and F2/m and we chose the
highest symmetry of F2/m for both subsystems. The gener-
ator set of the superspace group can be expressed as x

�
#�

�
,

x
�
#�

�
, x

�
, x



#�

�
; x

�
#�

�
, x

�
, x

�
#�

�
, x



#�

�
; !x

�
, x

�
,

!x
�
, !x



#�

�
; !x

�
, !x

�
, !x

�
, !x



. Then, we adopted

a suitable superspace group of F2/m(1#� 0 �)0s, being
equivalent to B2/m(�� 0)0s (No. 12.2) in Table 9.8.3.5 in Ref.
(20). Atomic scattering factors and bound coherent neutron
scattering lengths were respectively taken from Tables
6.1.1.4 and 4.4.4.1 in Ref. (20). The re"nement was made
using the total number of re#ections of 425 for ND data and
of 351 for XRD data, including satellite peaks. Table 1 sum-
marizes the initial fractional coordinates and isotropic
atomic displacement parameters, B, of the atoms of the
fundamental structure. After several re"nement cycles, the
displacive modulation of the atomic positions was introduc-
ed, considering up to the second order of cosine and sine
components of the Fourier terms, i.e., A

�
(i"0, 1, 2) and

B
�
(i"1, 2). Table 2 summarizes re"ned Fourier amplitudes

for the fractional coordinates and B factors. The re"ned
modulation vector components along the a* and c* axes,
� and �, are also shown in the table. The numbers in
parentheses represent estimated standard deviations of
the last signi"cant digits. The averaged structure can be



FIG. 1. Observed, calculated, and di!erence patterns of the (a) neutron and (b) X-ray di!raction data for Ca
����

CuO
�
. Short vertical lines below the

patterns indicate the peak positions of main (upper) and satellite (lower) re#ections for the two subsystems. The di!erence between the observed and
calculated intensities are shown below the vertical lines.
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obtained by adding A
�
terms to the corresponding para-

meters of the fundamental structure shown in Table 1. Due
to the superspace group symmetry, the number of re"nable
parameters of the Fourier terms is limited as shown in Table
2. The total number of the re"nable parameters was 58
including 21 positional parameters, 30 pro"le parameters
(15 for ND and 15 for XRD), and 7 lattice parameters. Each
set of the pro"le parameters contains 1 scale factor, 6 back-
ground, 7 peak-shape, and 1 zero-point shift parameters.
The modulation vector components, � and �, were re"ned to
be 0.8333(2) and 0.1650(9), respectively.
Figure 1 shows observed, calculated, and di!erence pro-
"les for the ND (a) and XRD (b) data. Short vertical lines
below the patterns indicate the peak positions of main
(upper) and satellite (lower) re#ections for the two subsys-
tems. The "nal R

��
factors were 9.8% for the ND data and
6.2% for the XRD data. Lattice parameters were re"ned to
be a

�
"2.8043(2) As , b"6.3179(2) As , c

�
"10.5744(5) As ,

and �
�
"90.10(1)3 for subsystem 1 and a

�
"3.3652(2) As ,

b"6.3179(2) As , c�"10.5893(5) As , and �
�
"93.04(1)3 for

subsystem 2. The resulting a
�
/a

�
("�) ratio of 0.8333(2)

correspondsto thestoichiometryof the sample,Ca
������

CuO
�
.

It should be noted here that the oxygen stoichiometry of the
compound depends on the preparation routes. For example,
a small amount of oxygen de"ciency, �&!0.03 in
Ca

����
CuO

��� , has been reported for the sample prepared
under #owing oxygen gas (5). On the other hand, the sam-
ples prepared under high pressure of 3}6 GPa show a very
small amount of excess oxygen as �&0.01 (5). We attem-
pted to re"ne the oxygen content of our sample but no
deviation in the occupation factor was observed and thus we
"xed the parameter at 1.0 in the "nal re"nement cycles.



FIG. 2. The re"ned modulated crystal structure of Ca
����

CuO
�
viewed (a) in perspective from [1� 00] and (b) from [010].
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Structure Details

Figure 2a shows the re"ned modulated structure viewed
in perspective from [1� 00]. One might recognize markedly
waved rows of the O atoms forming &&CuO

�
ribbons'' along

the a axis. In contrast, the Ca atoms appear to #uctuate
mainly in the c axis. These displacive modulations orig-
inated from the interactions between the two subsystems,
namely, the CuO

�
chains and the Ca atoms, which have

di!erent periods along the a axis. Both unit cells are illus-
FIG. 3. Modulated structure of Ca
����

CuO
�
projected along [001] for

a range of (a) z"0.7}1.2 and (b) z"0.6}1.1.
trated as thick lines in Fig. 2b viewed from the b axis. The
Cu atoms are represented as small closed (y&1.0) and
small shaded (y&�

�
) circles. Large thicker and thinner

circles correspond to the Ca atoms located at y&�


and

y&�


, respectively. For clarity, only the O atoms at the

coordinate of y&1.0 are shown. The modulation of the
atom sites can be further understood from Figs. 3a and 3b;
both are viewed from the c axis but the included region is
di!erent: z"0.7}1.2 for (a) and z"0.6}1.1 for (b). As
shown in Figs. 3a and 3b, every Ca atom is coordinated to
six O atoms, with three lower and three upper ones along
the c axis, forming a CaO

�
octahedron. The O atoms appear

to shift cooperatively so as to accomodate the Ca atoms in
the center of the O

�
cages. Each CaO

�
octahedron shares its

edge with an adjacent one but the octahedron is discon-
nected at every third CaO

�
units along the a axis.

Next, interatomic distances were calculated from the re-
"ned parameters. Figure 4 shows the Ca}O distance (d

��}

)

plotted against t� ("!�x
�
!�x

�
#x



"!0.8333x

�
!

0.1650x
�
#x



), a complementary (four-dimensional) coor-

dinate in the superspace (19). Any section with di!erent t�
values corresponds to a di!erent phase of the modulation
wave in the modulated structure. The letters a, b,2, and
n represent symmetry codes for O atoms as denoted in the
caption of Fig. 4. Two O atoms approach a Ca atom to
reach minimum lengths of (d

��}

)&2.15 As and then depart

away and the next two O atoms approach as t� increases. In
the vicinity of the points where six lines come across, the Ca
atoms have almost identical bond lengths of ca. 2.35 As with
O atoms. This bond length is comparable to the value
reported in another calcium copper oxide, Ca

�
CuO

�
of

d
��}


"2.33}2.50 As (21). The stoichiometric compound
NaCuO

�
also consists of the CuO

�
chains and the counter

Na atoms but it shows no modulation because the periods
of the CuO

�
chains and the Na atoms are equal. The

compound has only one kind of NaO
�
octahedron in which

the Na}O distances are 2�2.411(1) As (apical) and



FIG. 4. Ca}O distances, d
��}


, plotted against a complementary coor-
dinate, t�("!�x

�
!�x

�
#x



"!0.8333x

�
!0.1650x

�
#x



) in the

superspace. The letters a, b,2 and n, represent symmetry codes for
O atoms as follows. (a) !x!�

�
, y#�

�
, !z#1; (b) x!�

�
, y, z!�

�
; (c)

!x!1, y,!z#1; (d) x!1, y#�
�
, z!�

�
; (e)!x!�

�
, y#�

�
,!z#1; (f )

x!�
�
, y, z!�

�
; (g)!x!2, y, !z#1; (h) x!2, y#�

�
, z!�

�
; (i)!x#1,

y,!z#1; ( j) x#1, y#�
�
, z!�

�
; (k)!x#�

�
, y#�

�
,!z#1; (l) x#�

�
, y,

z!�
�
; (m)!x, y,!z#1; (n) x, y#�

�
, z!�

�
.
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4�2.360(3) As (equatorial). All the Cu ions in NaCuO
�
are

in a trivalent state, with a much shorter Cu}O distance of
4�1.839(1) As than that obtained by our re"nement shown
in the next section.
Figure 5 shows the Cu}O distance (d

��}

) in the CuO

�
chain (a) and the Cu}Cu distances (d

��}��
) of the nearest and

the next nearest sites (b), plotted as a function of t�. The next
nearest one corresponds to the interchain Cu}Cu length
between the two neighboring CuO

�
chains along the b axis.

Because the Cu and O atoms belong to the same subsystem
(i.e., subsystem 1), both d

��}

and d

��}��
are periodically

altered in the interval of 04t�41. Each Cu atom is coor-
dinated to four O atoms with the average distances of
2�1.95 As (lines (i) and (ii)) and 2�2.00 As (lines (iii) and (iv)).
The d

��}

values of the latter two O atoms largely vary from

1.85 to 2.15 As , while those of the former are nearly constant
at around 1.95 As . Surprisingly, as shown in Fig. 5b, the
nearest Cu}Cu distance (solid line) signi"cantly oscillates
from 2.78 to 2.88 As with the average distance of 2.83 As ,
whereas the next nearest d

��}��
(dotted line) has a fairly

constant value of 3.41 As . Such a #uctuation of the nearest
Cu}Cu distance has not been observed in the Y-doped
counterpart, (Ca

��	�	
Y

��
�	
)
����

CuO
�
(22), where all the Cu

atoms are in an equivalent magnetic state of S"�
�
, expected

from Cu��"2.00. The present compound, on the other
hand, is known as a heavily hole-doped quasi 1D S"�

�
magnetic system, where approximately one-third of the Cu
sites form Zhang}Rice (S"0) singlets (23). Since the com-
pound is a bad conductor (&10		-cm), most of the hole
carriers are localized on particular Cu sites. Consequently,
an almost ordered arrangement of the S"�

�
(consider up
and down spins as &&�'' and &&�'' ) and S"0 (
3
) Cu ions, such

as the localization of Zhang}Rice singlets at every third Cu
sites (��

3
��
32

), would occur to minimize the repulsion
between the singlets. The origin of the oscillation in the
nearest Cu}Cu distance can be ascribed to the quasi-or-
dered distribution of magnetically unequivalent Cu ions in
the structure.
In this kind of composite crystals, a strong Coulomb

e!ect on the CuO
�
chain would lead to a localization of

holes at room temperature. In the present 1D CuO
�
chain,

there has been the modulation of Cu}O distances with
maximum amplitudes of about 0.3 As , which can be expected
in the Cu

�
O

�
ladder between 1D and 2D. In the structural

study of the ladder compound Sr
���



Bi
��	�

Cu
�
��

O

���

,
almost no modulation in Cu}O distances of the ladder has
been observed (24), while the Cu}O distances modulate
signi"cantly with maximum amplitudes of about 0.1 As
along the leg direction in Ca

����
Sr

��

Cu

������
O


����	
(24),

indicating hole localization in the ladder. The latter result is
consistent with the temperature dependence of the resistiv-
ity, indicative of charge density wave. With increasing di-
mensionality, there might be less nesting condition of the
Fermi surface. These results, however, suggest that even in
a 2D CuO

�
plane, hole segregation could be produced by

local lattice distortion at phase boundary, e.g., twin bound-
ary (25). Furthermore, a recent EXAFS study reveals that
the superconducting transition temperature in La214 cu-
prate can be enhanced with the existence of a "nite local
lattice strain (26). The present amplitude of static Cu}O
modulation would give us valuable information on the
valence modulation in Cu}O networks.
Finally, our re"nement should be compared with that

recently reported by Galez et al. (17), who analyzed the same
compound by a conventional Rietveld method. They as-
sumed a large unit cell of 6-fold length of our a

�
axis, based

on the electron di!raction experiment, and presented undu-
lation of the O atoms in the CuO

�
chains. It is acceptable

because their sample could have a 6a
�
commensurate period

along the a axis. They claimed that parts of the Ca and the
O atoms are de"cient and concluded the stoichiometry of
the compound as Ca


���
Cu

�
O

�����
. However, as we have

demonstrated, the compound must be treated as a com-
posite crystal, with two subsystems of CuO

�
chains and Ca

atoms, in which every atom occupies only one crystallog-
raphical site in the fundamental structure. Contrary to their
report, no noticeable de"ciency for each atom is observed in
our re"nement. The compound appears to have a #exibility
to accomodate di!erent valence cations in the modulated
O

�
cages. Some lanthanides, alkali-earth, and alkali atoms,

M, have been found to substitute for the Ca site (3, 4, 11,
14}16) to form a solid solution of (Ca

���
M

�
)
�����

CuO
�
. The

a
�
/a

�
ratio ("�), which yields a stoichiometry of the solid

solution of the sample, incommensurately varies from ca.
0.73 to 1.0. The resulting Cu�� value covers from ca. 2.0 to



FIG. 5. (a) Cu}O distances, d
��}


, and (b) the nearest and the next
nearest Cu}Cu distances, d

��}��
, plotted against a complementary coordi-

nate, t�, in the superspace. The letters represent symmetry codes for
O atoms as follows. (i) x, y#�

�
, z; (ii) x#1, y#�

�
, z; (iii)!x#1, y#�

�
,

!z#�
�
; (iv)!x, y#�

�
, !z#�

�
.
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3.0, depending on the size and valence ofM. Investigation of
the magnetic properties of such a solid solution will be
intriguing to further understand the diluted quasi 1D mag-
netic system.

SUMMARY

The modulated structure of Ca
����

CuO
�
is successfully

determined from X-ray and neutron di!raction data assum-
ing a superspace group of F2/m(1#� 0 �)0s, which has the
highest possible symmetry. Periodic di!erence between the
CuO

�
and Ca subsystems causes remarkable displacement

on each atom. The observed sinusoidal modulation in the
nearest Cu}Cu distance may have a connection with a kind
of charge-ordered state known as &&stripe patterns'' in the
real space.
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