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The interplay between structure and magnetic properties of Sr14Cu24O411d with CuO2 chain and Cu2O3

ladder building blocks is studied as a function of oxygen nonstoichiometry. The characteristic decrease in the
magnetic susceptibility below 80 K ford'0 disappears both with increasing and decreasingd, and, corre-
spondingly, the periodicity of the superstructure, which arises from the lattice mismatch along the chain
direction between the two structure blocks, shows a significant change. The microscopic origin of the singlet
ground state is suggested to be the localization of electrons at low temperature in dimers on structurally
modulated CuO2 chains.@S0163-1829~96!04946-6#

I. INTRODUCTION

The study of low-dimensional quantum magnets is one of
the most important topics of contemporary solid-state phys-
ics. Recent progress in the study of superconductivity real-
ized in the doped CuO2 planes has strikingly demonstrated
the rich physics associated with theS51/2 Heisenberg anti-
ferromagnetic square lattice. It stimulated work aiming at
finding unknown intriguing phenomena principally governed
by quantum effects in other classes of low-dimensional sys-
tems. The one most extensively studied recently is the spin
ladder, which is a one-dimensional~1D! system comprising
two parallel arrays ofS51/2 Heisenberg antiferromagnetic
chains coupled antiferromagnetically.1 Because of purely
short-range spin correlation, a spin-liquid ground state with
an energy gap has been predicted for even-leg spin ladders,
and is now well established experimentally in the two-leg
ladder compounds~VO! 2P2O7 and SrCu2O3.

2,3

A14Cu24O41 (A5Ca,Sr,Ba,La,Y! has attracted the inter-
est of many experimentalists, because it also contains
Cu2O3 ladder planes like those seen in SrCu2O3, as well as
CuO2 chains as seen in CuGeO3 ~Fig. 1!.4–7 Various mag-
netic measurements have shown that the compound exhibits
a nonmagnetic ground state with an energy gap of 120–130
K.8–13 A recent inelastic neutron-scattering study clearly re-
vealed the existence of two kinds of energy gaps; the larger
one of 400 K was attributed to the singlet-triplet excitation in
the Cu2O3 ladder planes and the smaller one of 120 K to
that in the CuO2 chains.

13 The former is consistent with the
theory and with previous experimental results on SrCu2O3,
while the microscopic origin of the latter is still a question
under discussion, partly because of the lack of detailed struc-
tural information.

One of the unique features of the compound under discus-
sion, compared with SrCu2O3 and CuGeO3, is that it al-
ready contains a certain number of holes in its stoichiometric

composition. It has been pointed out in the case of the pure
Sr compound that most holes present are located in the
CuO2 chains.

14 This suggests that we formally write the for-
mula as 7~Sr2Cu

21
2O3) ~ladder!-10~Cu2.61O2) ~chain!,

meaning that four Cu21 spins per formula unit~f.u.! occur in
the chains. Because one expects two spins per five copper
atoms of the chains, it is plausible for singlet dimers to align
periodically with a five-times interatomic spacing at low
temperature, resulting in a nonmagnetic state. In contrast, a
partial replacement of Sr by Ca gives rise to the transfer of
holes from the chains to the ladder planes. Very recently,
superconductivity at 12 K was reported under a high pressure
of 3.5 GPa in the almost pure Ca compound, and suggested
to occur in the doped spin-ladder planes.15

Sr14Cu24O41 belongs to the class of so-called adaptive
misfit compounds such as MnSi22x ,

16 Ba12xFe2S4,
17 and

the MTS3 family (M5Sn,Pb,Bi, . . . ; S5Nb,Ta!.18 These
compounds are generally based on two sublattices which are
incompatible along one crystallographic direction, resulting
in essentially 1D incommensurate structures. In most cases
this incommensurability makes a precise structure determi-
nation difficult. According to the structural analysis on
Sr14Cu24O41 by McCarronet al.,4 the ladder sublattice is
face-centered-orthorhombic~space groupFmmm) with lat-
tice parametersa511.459 Å,b513.368 Å, andcL53.931
Å. On the other hand the chain sublattice isA-centered
orthorhombic~space groupAmma! with nearly identicala
and b parameters and a quite differentc parameter of
cC52.749 Å. Thus, a large misfit occurs along thec axis
~along the chain or the ladder!. These two sublattices are
nearly commensurate at 73cL527.372 Å and
103cC527.534 Å. Strictly speaking, the title formulation is
true only for 73cL5103cC (cL /cC510/7). Even if one
assumes the structure to be commensurate, a complete deter-
mination of the structure seems to be difficult in practice,
because the crystal exhibits nonstoichiometry in oxygen as
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well as in strontium content as reported in previous studies.4

We believe that in the present compound the magnetic
ground state and the structure must be strongly correlated,
because the lattice misfit along the chain direction may in-
duce a structural modulation in the chain, and, more impor-
tant, the spacing of dimerized electrons expected in the ideal
charge order state would coincide with the superlattice pe-
riod due to the misfit.

In the present study we have investigated the structure of
Sr14Cu24O411d by means of electron diffraction~ED!, as
well as measured the static magnetic susceptibility. It has
been found that oxygen nonstoichiometry occurs over a wide
range of d values20.7<d<0.9, and both the magnetic
properties and the superstructure change withd. The struc-
tural characterization based on a modified version of the
‘‘cut and projection’’ method19 suggests that, in the presence
of a certain periodic electrostatic potential imposed by the

‘‘rigid’’ ladder block ~we call it the misfit potential!, the
uniform more deformable chain can be transformed into
various 1D sequences of Cu dimers and trimers, depending
on the magnitude of the misfit. Associating spin singlets with
the dimers gives a reasonable explanation for the observed
experimental results.

II. EXPERIMENT

A pellet of Sr14Cu24O41 was prepared by the standard
solid-state reaction method. An appropriate mixture of
SrCO3 and CuO was heated at 1000 °C in air for several
times with intermittent grindings, followed by quenching. A
series of polycrystalline samples with different oxygen con-
tent was prepared by annealing a portion of the pellet at
different temperatures in air or in an oxygen or an argon flow
for 24 h. Samples with higher oxygen content were prepared
by annealing under high oxygen pressures~6 GPa! using
KClO4 as an oxygen generator in a high-pressure
apparatus.20 The oxygen content was determined within the
experimental precision of60.1 by heating to 800 °C in a
95% N2-5% H2 and measuring the weight loss. Annealing
under extremely reducing and oxidizing conditions resulted
in decomposition of the material. Nearly single-phase
samples were obtained for oxygen content between O40.3and
O41.9.

Magnetic susceptibility was measured in a superconduct-
ing quantum interference device magnetometer in an applied
magnetic field of 1 T onheating after rapid cooling to 5 K in
a nearly zero field. ED experiments were performed in a 200
kV electron microscope~CM-20! at room temperature and
also in a 300 kV electron microscope~CM-30! at;14 K for
selected samples.

III. RESULTS

A. Magnetic susceptibility

The temperature dependence of the magnetic susceptibil-
ity x has been found to be strongly dependent on oxygen
nonstoichiometry as shown in Fig. 2. The near-
stoichiometric sample (d50.0) shows a characteristic de-
crease inx below 80 K, followed by an upturn below 20 K
due to a Curie contribution. The curve is almost identical to
those reported previously.8,9 However, in both reduced and
oxidized samples, this gaplike behavior becomes less clear,
and instead the Curie component increases with increasing
deviation from the ideal oxygen content O41. Such tendency
is more pronounced in the oxidized samples. Susceptibility
measurements mostly reveal the contribution from Cu21

spins on the chains, because the Cu2O3 plane with a large
spin gap of 400 K should be almost magnetically inactive in
this temperature range. Following the previous approach,10

we assume singlet dimer formation on the chains. Then,x
should be described as a sum of a temperature-independent
term x0, a Curie-Weiss termxC , and a dimer termxD in
units of emu/mol Cu;

x5x01xC1xD . ~1!

xC andxD are described as

xC5C/~T2Q!, C5NF~NA/24!g
2mB

2/4kB , ~2!

FIG. 1. ~a! Perspective view of the crystal structure of
Sr14Cu24O41 along the chain/ladder direction. Large dark and bright
spheres represent Cu and Sr atoms, respectively, and small ones
oxygen atoms.~b! Schematic representation of two building blocks,
a Cu2O3 two-leg ladder plane and a CuO2 chain, in ideal
Sr14Cu24O41. The positions of atoms projected along theb axis are
correctly shown on the basis of the structural refinement by McCar-
ron et al. ~Ref. 4!. A CuO2 chain sits above the middle of a Cu
zigzag chain in a ladder plane~marked with arrows!, and another
Cu2O3 plane shifted bycL/2 along thec axis with respect to the
first one is put so as to sandwich the CuO2 chain. The misfit be-
tween thec-axis lengths of the two blocks results in a 1D super-
structure with a period of 7cL510cC . The sinusoidal wave drawn
in between the ladder and the chain represents the misfit potential of
a period ofcL/2. Vertical solid and dotted bars below that show the
positions of Cu atoms of the chain with and without modifications
by the misfit potential, respectively. See text for details.
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xD52ND~NA/24!g
2mB

2/$kBT@31exp~JD /kBT!#%, ~3!

with NF freeS51/2 spins per f.u.,ND dimers per f.u., and a
dimer coupling constantJD . NA and kB are the Avogadro
number and the Boltzmann constant, respectively. Theg fac-
tor is set to 2.2 from the literature.9 The results of fitting are
very good for all the data sets as shown in Fig. 2. For
d50.0 we find that there areND51.62(1) dimers per f.u.@or
3.24~2! spins per f.u.# with JD5130.9(4) K, a free spin den-
sity NF50.157(1) spins per f.u. andQ50.23(3) K, and
x054.4(2)31025 emu/mol Cu.JD , x0, and Q are only
weakly dependent on oxygen content, while 2ND and NF
vary significantly as shown in Fig. 2~b!. 2ND shows a broad
peak atd50, while NF rapidly decreases to zero atd50.
Note that thed dependence of both 2ND andNF is much
stronger ford.0 than for d,0, which will be discussed

below in terms of the structure. The total spin density
2ND1NF is about 3.5, which is smaller than expected from
the ideal composition. This may be related to nonstoichiom-
etry in metal composition, as was pointed out in previous
work:4 Assuming only 2% of Sr vacancies per f.u. for
d50 could explain this reduction in the total spin density.
Moreover, the total spin density is almost independent of
d. This is unusual from the viewpoint of charge neutrality,
because, for example, a change of 0.5 in oxygen content per
f.u. should change the spin density by 1 per f.u. The reason is
not clear but may also be related to nonstoichiometry in
metal composition. Probably corresponding to this, resistiv-
ity did not change so much with oxygen content; its magni-
tude slightly decreased with increasing oxygen content, and
the temperature dependence always showed an insulating be-
havior.

B. Electron diffraction

Electron-diffraction patterns in misfit compounds are gen-
erally complicated because of multiple diffraction and in-
commensurability. In the present crystal the most dense sec-
tion of the reciprocal lattice is seen in the@11̄0# zone axis.
As shown in Fig. 3, the@11̄0# ED pattern consists of two
centered rectangular meshes of intense spots as well as of
weak spots which form complex rows along thec* axis.
This is similar to those reported for~Ca,Sr! 14Cu24O41.

21,22

The smaller mesh corresponds to the ladder sublattice and
the larger one to the chain sublattice.

The satellite sequences can be interpreted as being gener-
ated by multiple diffraction. It is also possible to associate
them with the structural modulation of the two interpenetrat-
ing structures. However, to distinguish one from the other
experimentally is almost impossible. Here we measured on
the negatives the ratio of thec parameters of the two sublat-
tices,a5cL /cC , in order to estimate the magnitude of the
misfit. Because the origin of the superstructure is apparently
the misfit, the superlattice periodL is uniquely related to
a. Assuming thatmcL andncC spacings (m,n5integers! are
included inL, a5cL /cC5n/m. For the stoichiometric com-
positiona510/7'1.428.

A series of samples withd520.7, 20.2, 0.0, and 0.9
have been investigated by using ED. Representative ED pat-
terns obtained from the samples withd50.0 and20.7 are
shown in Figs. 3~a! and 3~b!, respectively. The measureda
values are 1.416 and 1.441, respectively. This small differ-
ence ina is visually detected as a difference in the spacings
of certain satellite spots as shown in the inset to Fig. 3. Note
that the overall features apart from the magnitude of the mis-
fit are substantially the same for the two patterns. From each
sample a number of fragments from 20 to 40 were examined
in a microscope, and the histogram of Fig. 4 was obtained. It
was necessary to proceed statistically, because even slight
fluctuations in composition could result in inhomogeneity,
which might be inevitable in such a delicate material. It is
obviously recognized from Fig. 4 thata shows significant
deviations from an ideal value of 10/7 fordÞ0. At the mini-
mum oxygen contenta is close to another commensurate
approximation of 13/9, while a rather broad distribution
around 10/7 appears atd50.0. A near-stoichiometric powder
sample prepared by Kato was also examined by electron mi-

FIG. 2. ~a! Temperature dependence of static magnetic suscep-
tibility x for a series of polycrystalline samples with various oxy-
gen content. For clarity only data sets of representative samples are
shown. In each data set marks represent data points, and a solid line
is a fit to Eq.~1! as described in text.~b! Variations of the density
of dimerized spins 2ND and free spinsNF as well as their sum as a
function of oxygen content. Solid lines are guides to the eye.
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croscopy and found to show a broad distribution around 10/7
similar as observed in thed50.0 sample. Further, the in-
crease ofd gives again a more rapid increase and a sharp
distribution ina. The accuracy of determininga from ED
experiments is not obvious. However, judging from the sharp
distribution observed for the off-stoichiometric samples, it
must be within 0.005, enough for the present analysis. Then,
the broad distribution ford'0 implies that even a small
change in local oxygen content results in a considerable
change in the misfit especially near the stoichiometric com-
position. This suggests an experimental difficulty in obtain-
ing a homogeneous, stoichiometric sample; it may also di-
minish the free magnetic moments as will be discussed later.

The misfit must be related not only to the density of holes
but also to oxygen defects. It is expected from the former
contribution, assuming all holes in the chains, that the misfit
decreases monotonously with increasingd, because the av-
erage interatomic distance in the chains should decrease with
increasing hole density (a5cL /cC). This is the case ob-
served ford,0. However, the observed sudden increase in
a for d.0 suggests that particularly excess oxygens, possi-
bly in the Sr layers between the ladder and the chain layers,

play also a substantial role in determining the misfit. Crys-
tallographic data to show where oxygen vacancies or excess
oxygens occur is necessary for further discussion. To be
noted here is that the observed change in the misfit as a
function of oxygen content is apparently closely correlated
with the corresponding change inx, especially with 2ND and
NF , suggesting that the microscopic origin of dimerization is
related to the superstructure.

We also checked samples withd50.0 and 0.9 in an elec-
tron microscope at low temperature (;14 K!, well below the
magnetic transition temperature. However, no substantial
change in periodicity was detected: No lock-in transitions to
a510/7 were observed. In addition, we did not observe any
detectable change in the relative intensity of the superlattice
reflections. These mean that the magnetic transition takes
place without the formation of additional superstructures or
without a large change in the preexisting superstructure as
detectable in ED.

IV. DISCUSSION

A. Structural description

We now consider more details of the superstructure. As
depicted in Fig. 1, a CuO2 chain sits exactly above the
middle of a Cu zigzag chain in the ladder plane with a cer-
tain phase shift along thec axis.4 A second zigzag chain
shifted bycL/2 along thec axis with respect to the first one
sits above the CuO2 chain. Thus, the CuO2 chain experi-
ences an electrostatic potential~misfit potential! with a pe-
riod of cL/2 caused by the relatively rigid ladder planes

FIG. 3. @11̄0# zone axis ED patterns obtained from the samples
with d50.0 ~a! and 20.7 ~b!, and schematic representation for
a510/7 ~c!. A rectangle containing satellite spots near the~110!
reflection is enlarged and shown to the inset. A slight difference in
a between the two patterns is well detectable in the comparison of
the spacings of these satellite spots. In the schematic representation
in ~c!, filled circles and squares show the positions of fundamental
reflections coming from the ladder and the chain sublattices, respec-
tively, and small open circles show those of satellite reflections.

FIG. 4. Histograms showing the distribution ina determined by
using ED for samples withd520.7 ~a!, 20.2 ~b!, 0.0 ~c!, 0.9 ~e!,
and the sample prepared by Kato~d!. The vertical axis shows the
number of fragments examined in an electron microscope. Positions
of typical commensurate descriptions ofa are shown with arrows at
the top of the figure.
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above and below, as schematically shown by a sinusoidal
wave in Fig. 1. It is quite reasonable to assume that the
relatively ‘‘soft’’ CuO2 chain will be deformed by that po-
tential of which the period does not fit that of the chain.5 This
is found to be the case in other misfit compounds.18 It is
assumed that the minimum of the misfit potential occurs in
phase with the Cu-O rows of the ladders running along the
c axis, because locating the CuO4 square of the chain on the
ladder plane at the position as depicted in the top-left of the
figure may be the most energetically favorable to minimize
electrostatic repulsion between large oxygen ions in the
chain and the ladder. The most probable deformation pattern
is illustrated in the figure, where the dotted bars represent the
unrelaxed positions of the Cu atoms in the chain and the
solid bars the relaxed positions. Remarkably, there appear
two neighboring Cu atoms with an increased distance, sepa-
rated by three Cu atoms with rather shorter bond lengths.
This means that the uniform chain would hypothetically be
transformed into 1D sequences of dimers and trimers in the
presence of the misfit potential. Because Cu21 ions have
larger ionic radii than Cu31 ions, they must prefer expanded
positions: They would form pairs at dimerized sites. Such
charge ordering would be possible if the stabilization due to
the deformation~or the constriction by the misfit! is suffi-
cient to compensate for the Coulomb repulsion arising from
the charge order.

It is interesting to compare the CuO2 chains in the present
compound with similar chains found in CuGeO3.

23 In the
isomorphous compound~Ca8La6)Cu24O41 with all copper
ions in the divalent state a weakly ferromagnetic interaction
between neighboring Cu21 spins in the CuO2 chain was
found,10 which was assigned to nearly 90° Cu-O-Cu super-
exchange bonds@about 93° for ~Ca8La6)Cu24O41 and
94.6° for Sr14Cu24O41 evaluated from their crystallographic
data4,5#. In contrast, antiferromagnetic interactions of 100 K
are known for the CuO2 chains in CuGeO3 with a larger
bond angle of 98.7°. This implies that even a slight increase
in the Cu-Cu distance and a change in the angle of the su-
perexchange bonds could switch the magnetic interaction
from ferromagnetic to antiferromagnetic. Therefore, a pair of
spins trapped at the expanded dimer sites presumably form a
singlet state due to antiferromagnetic interaction. To confirm
this scenario, we need a detailed structural analysis of an
ideal Sr14Cu24O41 crystal, taking into account the modula-
tions.

B. Structure model describing the charge order
and dimerization

So far we have discussed only the ideal commensurate
superstructure fora510/7. However, the key to understand-
ing the relation between magnetism and superstructure is to
be found in the nonideal cases, i.e., foraÞ10/7 (dÞ0). It
is particularly important to know the origin of the free mag-
netic moments. We apply a modified version of the ‘‘cut and
projection’’ method to derive the essentially incommensurate
structures. The original method is well known in the field of
quasicrystals24 and it has been applied in its modified version
to the interpretation of complex superstructures in some in-
organic compounds.19 It derives intuitively a 1D uniform se-

quence containing two different spacings,l ands, which best
fits an actual commensurate or incommensurate superlattice
period.

Consider a 2D orthogonal lattice constructed on base vec-
tors with lengths ofl ands @Fig. 5~a!#. Every 1D sequence of
l ands spacings can uniquely be represented in the 2D space
as a stepped line. Consider now a sequence composed of
p l spacings andq s spacings. If the sequence is required to
be uniform, spacings at any point must be as close as pos-
sible to the average valued5(pl1qs)/(p1q). Hence, the
stepped line has to be as close as possible, at any point, to a
straight lineE passing through the origin, with a slope given
by

tanu5qs/pl5@~ l2d!/~d2s!#~s/ l !. ~4!

It is easy to see that all the nodes of the stepped sequence
derived in this way belong to a strip obtained by sliding one
unit cell along E. The 1D sequence ofL5 l /A2 and
S5s/A2 spacings can now be obtained by projecting the
zigzag line within the strip~including either the top or the
bottom line! onto a lineP with a 45° slope. This particular
angle ensures that the ratio of the lengths of theL andSunits
remains the same as that ofl ands through the projection.19

In the present case, this average value ofd should corre-
spond to a near-coincidence distance between the two
c-axis lengths, 1/d51/c221/c1, wherec15cC'2.7 Å and
c25cL/2'1.95 Å. Considering a sequence in the CuO2
chain,d ('7 Å! is larger than 2cC and smaller than 3cC ,
which means that a sequence can be described with two basic
lengths ofl53cC ands52cC . Then, the slope is given as

tanu5@~3cC2d!/~d22cC!#~2/3!

5@~624a!/~3a24!#~2/3!. ~5!

This equation shows that a change ina is reflected by a
change in the slope which determines a possible 1D se-
quence composed of 2cC ~dimer! and 3cC ~trimer!. For
a510/7 the sequence is described as 232323 . . . @Fig. 5~b!#,
which must correspond to such a possible structural modula-
tion occurring in the presence of the misfit potential as de-
scribed before. Interestingly, whena is increased~the slope
is decreased!, this regular sequence is interrupted by a pair of
trimers like 332323323••• for a513/9, where the two
sublattices are commensurate at 13cC and 9cL . The density
of dimers decreases with increasinga as depicted in Fig.
5~b!. On the other hand, the regular sequence is interrupted
by a pair of dimers in the case ofa,10/7.

Then, the model can present a possible spin configuration
in the CuO2 chain, if one associates antiferromagnetically
coupled spins with the dimers. In the ideal case ofa510/7
and 2ND54, perfect charge ordering is expected with such a
well ordered arrangement of dimerized spins as illustrated in
the figure. The most important implication from the model is
that the decrease of dimer density with increasinga would
produce excess unpaired spins on trimers which could be the
origin of the free Cu21 moments observed in the suscepti-
bility measurements. Therefore, it is meaningful to count the
number of spins on the model which can be compared with
the experimental data. Let us assume that the total number of
spins is always 3.5 per f.u.~0.35 per Cu on the chain!. For
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the ideal case ofa510/7 (d50) the density of dimerized
Cu atoms is larger than that of spins, and, thus,NF should be
close to zero. The residual Curie component observed for the
d50.0 sample must come from inhomogeneity of the sample
which is actually seen as a broad distribution ina in Fig. 4.
As a increases slightly, for example, fora513/9, the model
predicts that 4.55 spins per 13 Cu atoms~which is the num-
ber expected from the total number of spins of 3.5 per f.u.!
should be divided into two coupled spins on dimers and 0.55
uncoupled spins on trimers. This division is reduced to
(2ND ,NF)5(3.08,0.42), which is close to the experimental
values ford,0. A gradual increase in 2ND and a decrease in
NF to zero with increasingd in Fig. 2~b! may reflect a
gradual change ina from 13/9 to 10/7 as seen in Fig. 4. On
the other hand,a seems to increase more rapidly in the case
of d.0. Considering the appropriate model fora516/11,
the number of surviving dimers is only one per eight Cu
atoms~the total number of spins is 2.8 per eight Cu!, which
gives (2ND ,NF)5(2.5,1.0), again in good agreement with
the data ford50.9. In contrast, a decrease ina from 10/7,
which is partly seen only for thed50.0 sample, may not
cause an increase in the free spin density, because a pair of
dimer sites appearing with decreasinga may produce
enough sites for coupled spins. Therefore, we can quantita-
tively explain the observed magnetic susceptibility by as-
suming the distribution of spins in the chains derived from
the present model.

Recently an inelastic neutron study on
~Ca0.2Sr0.8)14Cu24O41 by Eccleston, Azuma, and Takano
suggested that portions of the CuO2 chains are dimerized or
broken up into larger finite chains by nonmagnetic CuO2
units.13 This may correspond to the present model witha
.10/7, and, thus, their sample was presumably nonstoichio-
metric in oxygen or metal content. It was previously reported
that a large amount of oxygen loss occurred for such Ca-
substituted samples.11,14

V. CONCLUSION

We have studied the charge order and dimerization in the
CuO2 chains in Sr14Cu24O41 from a structural point of view.
An intimate relation between magnetism and superstructures
arising from the lattice misfit has been revealed as a function
of oxygen nonstoichiometry. The number of dimerized and
free spins estimated from the susceptibility measurements is
consistent with the model based on the modification of the
structure of the chains due to the misfit potential produced by
the ladder layers.

It is not clear whether the lattice distortion actually exists
at high temperature or appears with the change in electronic
structure at low temperature. We observed no change in su-
perlattice reflections in our ED experiments at low tempera-
ture. However, it would be impossible to detect in ED ex-
periments such a lattice distortion as occurring if the
periodicity is the same as that of the superlattice due to the
lattice misfit. It is evident from the present study that the
main features of the charge ordered state are determined by
the misfit potential. Thus, we think that itinerant electrons in
the CuO2 chains at high temperature tend to be localized in
dimers in a given misfit potential as temperature decreases
below a dimer coupling energyJD. It should be classified
into a class of a singlet ground state different from the spin-

FIG. 5. ~a! Modified version of the cut and projection method
describing a uniform sequence of long (L) and short (S) segments
(tanu5s/ l ); SLSLSL. . . ~Ref. 19!. ~b! Application of the
method to the present superstructures;s52, l53, and tanu given in
Eq. ~5!. Each stepped zigzag line presents a possible 1D sequence
of 2cC and 3cC spacings in the CuO2 chain for a selecteda value.
Derived commensurate 1D sequences are@2232323#@(a,tanu)
5(17/12,7/9)], @23# (10/7,6/9), @23232323233# (56/39,5/9),
@23233# (13/9,4/9), and@233# ~16/11,3/9!. A vertical line in the
stepped lines corresponds to a Cu dimer, and a horizontal line a Cu
trimer. Dimerized spins depicted with a pair of parallel arrows
should be located on the Cu dimer. Excess uncoupled spins may
occur on the trimer sites fora.10/7, giving rise to free moments as
observed in magnetic-susceptibility measurements.
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Peierls transition, because the misfit potential plays the im-
portant role instead of the phonons.
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