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Microscopic origin of dimerization in the CuO, chains in Sr;,Cu,,041

Z. Hiroi
University of Antwerp (RUCA), Groenenborgerlaan 171, B-2020 Antwerpen, Belgium
and Institute for Chemical Research, Kyoto University, Uji, Kyoto 611, Japan

S. Amelinckx and G. Van Tendeloo
University of Antwerp (RUCA), Groenenborgerlaan 171, B-2020 Antwerpen, Belgium

N. Kobayashi
Institute for Chemical Research, Kyoto University, Uji, Kyoto 611, Japan
(Received 2 August 1996

The interplay between structure and magnetic properties 85,041+ s With CuO, chain and CyO4
ladder building blocks is studied as a function of oxygen nonstoichiometry. The characteristic decrease in the
magnetic susceptibility below 80 K faf~0 disappears both with increasing and decreagingnd, 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 Cu@ chains.[S0163-1826)04946-9

[. INTRODUCTION composition. It has been pointed out in the case of the pure
Sr compound that most holes present are located in the
The study of low-dimensional quantum magnets is one ofCuO, chains'* This suggests that we formally write the for-
the most important topics of contemporary solid-state physmula as 1Sr,Cu?*,0;) (ladde)-10(Cu?5*0,) (chain,
ics. Recent progress in the study of superconductivity realmeaning that four C&i* spins per formula unitf.u.) occur in
ized in the doped Cu@planes has strikingly demonstrated the chains. Because one expects two spins per five copper
the rich physics associated with tBe= 1/2 Heisenberg anti- atoms of the chains, it is plausible for singlet dimers to align
ferromagnetic square lattice. It stimulated work aiming atperiodically with a five-times interatomic spacing at low
finding unknown intriguing phenomena principally governedtemperature, resulting in a nonmagnetic state. In contrast, a
by quantum effects in other classes of low-dimensional syspartial replacement of Sr by Ca gives rise to the transfer of
tems. The one most extensively studied recently is the spiholes from the chains to the ladder planes. Very recently,
ladder, which is a one-dimensiondID) system comprising superconductivity at 12 K was reported under a high pressure
two parallel arrays o5=1/2 Heisenberg antiferromagnetic of 3.5 GPa in the almost pure Ca compound, and suggested
chains coupled antiferromagneticallyBecause of purely to occur in the doped spin-ladder plares.
short-range spin correlation, a spin-liquid ground state with  Sry4Cu,404; belongs to the class of so-called adaptive
an energy gap has been predicted for even-leg spin laddemyisfit compounds such as MnsSi, ' Ba,_,Fe,S,,}” and
and is now well established experimentally in the two-legthe MTS; family (M=Sn,Pb,Bj.. .; S=Nb,Ta.'® These
ladder compoundévO),P,0- and SrCy03.%3 compounds are generally based on two sublattices which are
A,.Cu,,0,, (A=Ca,Sr,Ba,La,Y has attracted the inter- incompatible along one crystallographic direction, resulting
est of many experimentalists, because it also containi essentially 1D incommensurate structures. In most cases
Cu,0O5 ladder planes like those seen in SeQ, as well as  this incommensurability makes a precise structure determi-
CuO, chains as seen in CuGgQFig. 1).*~’ Various mag- nation difficult. According to the structural analysis on
netic measurements have shown that the compound exhibi14Cu,,04; by McCarronet al,* the ladder sublattice is
a nonmagnetic ground state with an energy gap of 120—13f&ce-centered-orthorhombispace groug-mmn) with lat-
K.8~13 A recent inelastic neutron-scattering study clearly re-tice parametera=11.459 A b=13.368 A, andc_=3.931
vealed the existence of two kinds of energy gaps; the largek. On the other hand the chain sublattice Ascentered
one of 400 K was attributed to the singlet-triplet excitation inorthorhombic(space groupAmma with nearly identicala
the Cu,0O4 ladder planes and the smaller one of 120 K toand b parameters and a quite differet parameter of
that in the CuQ chains'® The former is consistent with the cc=2.749 A. Thus, a large misfit occurs along theaxis
theory and with previous experimental results on S\Qy,  (along the chain or the ladderThese two sublattices are
while the microscopic origin of the latter is still a question nearly commensurate at X, =27.372 A and
under discussion, partly because of the lack of detailed structOX cc=27.534 A. Strictly speaking, the title formulation is
tural information. true only for 7Xc =10Xcc (c /cc=10/7). Even if one
One of the unique features of the compound under discusassumes the structure to be commensurate, a complete deter-
sion, compared with SrtGD5; and CuGeQ, is that it al- mination of the structure seems to be difficult in practice,
ready contains a certain number of holes in its stoichiometribecause the crystal exhibits nonstoichiometry in oxygen as
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“rigid” ladder block (we call it the misfit potentia) 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.

Il. EXPERIMENT

A pellet of Sr,Cu,,0,4, was prepared by the standard
solid-state reaction method. An appropriate mixture of
SrCO; 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 pressuf6sGPa using
KCIO, as an oxygen generator in a high-pressure
apparatug’ The oxygen content was determined within the
experimental precision of£0.1 by heating to 800 °C in a
95% N,-5% H, 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 betweggs@nd
041.9-

Magnetic susceptibility was measured in a superconduct-

FIG. 1. (a) Perspective view of the crystal structure of ing quantum interference device magnetometer in an applied
Sr14Cu,40,; along the chain/ladder direction. Large dark and brightmagnetic field 81 T on heating after rapid coolingt5 K in
spheres represent Cu and Sr atoms, respectively, and small onasnearly zero field. ED experiments were performed in a 200
oxygen atoms(b) Schematic representation of two building blocks, kV electron microscop€CM-20) at room temperature and
a Cwu0;3 two-leg ladder plane and a CyOchain, in ideal also in a 300 kV electron microscop€M-30) at ~14 K for
Sr14.Cu,40 4. The positions of atoms projected along thexis are  selected samples.
correctly shown on the basis of the structural refinement by McCar-

ron et al. (Ref. 4. A CuO, chain sits above the middle of a Cu lIl. RESULTS
zigzag chain in a ladder planienarked with arrows and another
Cu,0O; plane shifted byc, /2 along thec axis with respect to the A. Magnetic susceptibility

first one is put so as to sandwich the Cu€hain. The misfit be-
tween thec-axis lengths of the two blocks results in a 1D super-
structure with a period of @ =10c.. The sinusoidal wave drawn
in between the ladder and the chain represents the misfit potential

The temperature dependence of the magnetic susceptibil-
ity x has been found to be strongly dependent on oxygen
&onstoichiometry as shown in Fig. 2. The near-

a period ofc, /2. Vertical solid and dotted bars below that show the st0|ch|ometr|c sample 4=0.0) shows a characteristic de-
positions of Cu atoms of the chain with and without modifications ¢'€aSe INY bglow 80_ K, followed by an 'upturn be_low 2_0 K
by the misfit potential, respectively. See text for details. due to a Curie contribution. The curve is almost identical to
those reported previousfy? However, in both reduced and
well as in strontium content as reported in previous stufiies.2Xidizeéd samples, this gaplike behavior becomes less clear,
We believe that in the present compound the magneti@nd_ m_stead the C_urle component increases with increasing
ground state and the structure must be strongly correlate@€viation from the ideal oxygen conten,© Such tendency
because the lattice misfit along the chain direction may iniS More pronounced in the oxidized samples. Susceg)tlblhty
duce a structural modulation in the chain, and, more imporN€asurements mostly reveal the contribution from*Cu
tant, the spacing of dimerized electrons expected in the ide&PINS on the chains, because the,Oy plane with a large

charge order state would coincide with the superlattice peSPIN 9ap of 400 K should be almost magnetically inactive in
riod due to the misfit. this temperature range. Following the previous apprdich,

In the present study we have investigated the structure o€ assume singlet dimer formation on the chains. Then,
Sr,14CUO41: s by means of electron diffractiotED), as should be desgrlbed.as a sum of a temperature—lndependent
well as measured the static magnetic susceptibility. It hal€'™M Xo, & Curie-Weiss temxc, and a dimer ternyp in
been found that oxygen nonstoichiometry occurs over a wid&nits of emu/mol Cu;
range of § values —0.7<6<0.9, and both the magnetic — vt 1)
properties and the superstructure change WitfThe struc- X~ XoT XcT Xp-
tural characterization based on a modified version of thec and yp are described as
“cut and projection” method® suggests that, in the presence ) 2
of a certain periodic electrostatic potential imposed by the xc=C/(T=0), C=Ng(Na24)g°ugldks, (2)
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below in terms of the structure. The total spin density
2Np+ N 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:* Assuming only 2% of Sr vacancies per f.u. for
6=0 could explain this reduction in the total spin density.
Moreover, the total spin density is almost independent of
8. 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 th&10] zone axis.

As shown in Fig. 3, th¢ 110] ED pattern consists of two
centered rectangular meshes of intense spots as well as of
weak spots which form complex rows along th& axis.

This is similar to those reported f¢€a,Sh 14CuU,04;.21%2

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 theparameters of the two sublat-
tices,a=c /cc, in order to estimate the magnitude of the
misfit. Because the origin of the superstructure is apparently

FIG. 2. (a) Temperature dependence of static magnetic suscegthe misfit, the superlattice period is uniquely related to
tibility x for a series of polycrystalline samples with various oxy- . Assuming thamg_andnc¢ spacings fh,n=integers are
gen content. For clarity only data sets of representative samples aircluded inA, = c_/cc=n/m. For the stoichiometric com-
shown. In each data set marks represent data points, and a solid Iipj@sition a=10/7~1.428.

is a fit to Eq.(1) as described in textb) Variations of the density

A series of samples witd=-0.7, —0.2, 0.0, and 0.9

of dimerized spins R, and free spindg as well as their sum as a have been investigated by using ED. Representative ED pat-

function of oxygen content. Solid lines are guides to the eye.

Xp=2Np(Na24)g?ud/{ksT[3+expJp /kgT) 1}, (3)

with N free S=1/2 spins per f.u.Np dimers per f.u., and a
dimer coupling constaniy. N and kg are the Avogadro
number and the Boltzmann constant, respectively.d faec-

tor is set to 2.2 from the literatureThe results of fitting are

terns obtained from the samples wifl+0.0 and— 0.7 are

shown in Figs. 8 and 3b), respectively. The measured

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

very good for all the data sets as shown in Fig. 2. Forin a microscope, and the histogram of Fig. 4 was obtained. It

6=0.0 we find that there afdp=1.62(1) dimers per f.4or
3.24(2) spins per f.u. with J5=130.9(4) K, a free spin den-
sity Ng=0.157(1) spins per f.u. an®=0.23(3) K, and
Xo=4.4(2)x10"° emu/mol Cu.Jp, xo, and ® are only
weakly dependent on oxygen content, whildl2 and Ng
vary significantly as shown in Fig.(B). 2N shows a broad
peak até=0, while Ng rapidly decreases to zero &&=0.
Note that thes dependence of bothNg, and Ng is much
stronger for5>0 than for §<0, which will be discussed

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 thai shows significant
deviations from an ideal value of 10/7 fér: 0. At the mini-

mum oxygen contentr is close to another commensurate
approximation of 13/9, while a rather broad distribution
around 10/7 appears &t 0.0. A near-stoichiometric powder
sample prepared by Kato was also examined by electron mi-
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FIG. 3.[110] zone axis ED patterns obtained from the samples . ) . o
with 6=0.0 (@) and —0.7 (b), and schematic representation for Play @lso a substantial role in determining the misfit. Crys-
a=10/7 (c). A rectangle containing satellite spots near (h¢0) tallographic data to show where oxygen vacancies or excess
reflection is enlarged and shown to the inset. A slight difference irPXygens occur is necessary for further discussion. To be
a between the two patterns is well detectable in the comparison ofoted here is that the observed change in the misfit as a
the spacings of these satellite spots. In the schematic representatitinction of oxygen content is apparently closely correlated
in (c), filled circles and squares show the positions of fundamentawith the corresponding change jn especially with 2y and
reflections coming from the ladder and the chain sublattices, respedNg , suggesting that the microscopic origin of dimerization is
tively, and small open circles show those of satellite reflections. related to the superstructure.

o We also checked samples wifi+0.0 and 0.9 in an elec-
croscopy and found to show a broad distribution around_ 10/{ron microscope at low temperature (4 K), well below the
similar as observed in thé=0.0 sample. Further, the in- agnetic transition temperature. However, no substantial
crease ofé gives again a more rapid increase and a sharRnange in periodicity was detected: No lock-in transitions to
distribution in . The accuracy of determining from ED  ,—10/7 were observed. In addition, we did not observe any
experiments is not obvious. However, judging from the sharyetectable change in the relative intensity of the superlattice
distribution observed for the off-stoichiometric samples, it eflections. These mean that the magnetic transition takes
must be within 0.005, enough for the present analysis. Therhjace without the formation of additional superstructures or

the broad distribution for5~0 implies that even a small \yithout a large change in the preexisting superstructure as
change in local oxygen content results in a considerablgetectable in ED.

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- IV. DISCUSSION

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 We now consider more details of the superstructure. As

contribution, assuming all holes in the chains, that the misfitlepicted in Fig. 1, a Cu@ chain sits exactly above the

decreases monotonously with increasifigbecause the av- middle of a Cu zigzag chain in the ladder plane with a cer-

erage interatomic distance in the chains should decrease within phase shift along the axis? A second zigzag chain

increasing hole densitya(=c, /cc). This is the case ob- shifted byc,/2 along thec axis with respect to the first one

served for6<0. However, the observed sudden increase irsits above the Cu@ chain. Thus, the Cu@ chain experi-

a for >0 suggests that particularly excess oxygens, possiences an electrostatic potentiahisfit potential with a pe-

bly in the Sr layers between the ladder and the chain layersjod of c /2 caused by the relatively rigid ladder planes

A. Structural description
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above and below, as schematically shown by a sinusoidajuence containing two different spacinggsnds, which best
wave in Fig. 1. It is quite reasonable to assume that thdits an actual commensurate or incommensurate superlattice
relatively “soft” CuO, chain will be deformed by that po- period.

tential of which the period does not fit that of the chiFhis Consider a 2D orthogonal lattice constructed on base vec-
is found to be the case in other misfit compoufftitt is  tors with lengths of ands [Fig. 5(@]. Every 1D sequence of
assumed that the minimum of the misfit potential occurs il @nds spacings can uniquely be represented in the 2D space
phase with the Cu-O rows of the ladders running along thé'S @ stepped line. Consider now a sequence composed of
c axis, because locating the Cy®quare of the chain on the P | sp_acings and|_ s spacings. If f[he sequence is required to
ladder plane at the position as depicted in the top-left of th&€ uniform, spacings at any point must be as close as pos-
figure may be the most energetically favorable to minimizeSible t0 the average valug=(pl+qs)/(p+q). Hence, the
electrostatic repulsion between large oxygen ions in th&t€PPed line has to be as close as possible, at any point, to a

chain and the ladder. The most probable deformation patterétyraiglht lineE passing through the origin, with a slope given

is illustrated in the figure, where the dotted bars represent th
unr_elaxed positions of the_C_:u atoms in the chain and the tand=qs/pl=[(1—d)/(d—s)](s/1). (4)

solid bars the relaxed positions. Remarkably, there appear

two neighboring Cu atoms with an increased distance, sepat is easy to see that all the nodes of the stepped sequence
rated by three Cu atoms with rather shorter bond lengthgderived in this way belong to a strip obtained by sliding one
This means that the uniform chain would hypothetically beunit cell along E. The 1D sequence of.=I/\2 and
transformed into 1D sequences of dimers and trimers in th&=s/y2 spacings can now be obtained by projecting the
presence of the misfit potential. Because?Cuons have zigzag line within the strigincluding either the top or the
larger ionic radii than C&" ions, they must prefer expanded bottom ling onto a lineP with a 45° slope. This particular
positions: They would form pairs at dimerized sites. Suchangle ensures that the ratio of the lengths ofittendS units
charge ordering would be possible if the stabilization due toemains the same as thatlofnds through the projectiof’

the deformation(or the constriction by the misfitis suffi- In the present case, this average valuel ghould corre-
cient to compensate for the Coulomb repulsion arising fromspond to a near-coincidence distance between the two
the charge order. c-axis lengths, d=1/c,—1/c,, wherec;=cc~2.7 A and

It is interesting to compare the Cy@hains in the present c,=c,/2~1.95 A. Considering a sequence in the GuO
compound with similar chains found in CuGe® In the chain,d (=7 A) is larger than 2. and smaller than &,
isomorphous compoun(Caglag)Cu,40,4; with all copper  which means that a sequence can be described with two basic
ions in the divalent state a weakly ferromagnetic interactiorengths ofl =3c: ands=2c.. Then, the slope is given as
between neighboring Cu spins in the Cu@ chain was
found® which was assigned to nearly 90° Cu-O-Cu super- tand=[(3cc—d)/(d—2cc)](2/3)
exchange bondgabout 93° for (CaglLag)Cu,,0,4; and B
94.6° for Sr,Cu,,0,4, evaluated from their crystallographic =[(6-4a)/(3a=4)](2/3). ®)
datd™]. In contrast, antiferromagnetic interactions of 100 K This equation shows that a change dnis reflected by a
are known for the Cu@ chains in CuGeQ@ with a larger  change in the slope which determines a possible 1D se-
bond angle of 98.7°. This implies that even a slight increasguuence composed ofcg (dimen and X (trimer. For
in the Cu-Cu distance and a change in the angle of the sy;=10/7 the sequence is described as 23232 [Fig. 5b)],
perexchange bonds could switch the magnetic interactioqhich must correspond to such a possible structural modula-
from ferromagnetic to antiferromagnetic. Therefore, a pair oftion occurring in the presence of the misfit potential as de-
spins trapped at the expanded dimer sites presumably formggribed before. Interestingly, whenis increasedthe slope
singlet state due to antiferromagnetic interaction. To confirms decreasexthis regular sequence is interrupted by a pair of
this scenario, we need a detailed structural analysis of aftimers like 33238323+ for a=13/9, where the two
ideal SnCuz40,4, crystal, taking into account the modula- gypiattices are commensurate atdnd &, . The density
tions. of dimers decreases with increasingas depicted in Fig.
5(b). On the other hand, the regular sequence is interrupted
by a pair of dimers in the case af<10/7.

Then, the model can present a possible spin configuration
in the CuG, chain, if one associates antiferromagnetically

So far we have discussed only the ideal commensurateoupled spins with the dimers. In the ideal casexef 10/7
superstructure forr=10/7. However, the key to understand- and 2Np =4, perfect charge ordering is expected with such a
ing the relation between magnetism and superstructure is toell ordered arrangement of dimerized spins as illustrated in
be found in the nonideal cases, i.e., o 10/7 (6+0). It  the figure. The most important implication from the model is
is particularly important to know the origin of the free mag- that the decrease of dimer density with increasingvould
netic moments. We apply a modified version of the “cut andproduce excess unpaired spins on trimers which could be the
projection” method to derive the essentially incommensuraterigin of the free Cd* moments observed in the suscepti-
structures. The original method is well known in the field of bility measurements. Therefore, it is meaningful to count the
quasicrystafé and it has been applied in its modified version number of spins on the model which can be compared with
to the interpretation of complex superstructures in some inthe experimental data. Let us assume that the total number of
organic compound¥ It derives intuitively a 1D uniform se- spins is always 3.5 per f.40.35 per Cu on the chainFor

B. Structure model describing the charge order
and dimerization
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P the ideal case o&v=10/7 (6=0) the density of dimerized
Cu atoms is larger than that of spins, and, tiis should be
close to zero. The residual Curie component observed for the
-~ E 6=0.0 sample must come from inhomogeneity of the sample
which is actually seen as a broad distributiordinin Fig. 4.
As a increases slightly, for example, far=13/9, the model
predicts that 4.55 spins per 13 Cu atofwdich is the num-
o ber expected from the total number of spins of 3.5 pey f.u.
should be divided into two coupled spins on dimers and 0.55
uncoupled spins on trimers. This division is reduced to

o (2Np,Ng)=(3.08,0.42), which is close to the experimental
values for6<0. A gradual increase inN, and a decrease in
o Ng to zero with increasings in Fig. 2(b) may reflect a

gradual change i from 13/9 to 10/7 as seen in Fig. 4. On
the other handy seems to increase more rapidly in the case
of 6>0. Considering the appropriate model fer=16/11,
the number of surviving dimers is only one per eight Cu
atoms(the total number of spins is 2.8 per eight)Cwhich
gives (Np,Ng)=(2.5,1.0), again in good agreement with
the data for6=0.9. In contrast, a decrease infrom 10/7,
which is partly seen only for th&=0.0 sample, may not
cause an increase in the free spin density, because a pair of
dimer sites appearing with decreasing 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

ab (Cag »Srg g 14CU,404; by Eccleston, Azuma, and Takano
12 suggested that portions of the Cy©hains are dimerized or
broken up into larger finite chains by nonmagnetic GuO
units!® This may correspond to the present model with
% >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-
56 substituted samplgs:*
V. CONCLUSION
13 We have studied the charge order and dimerization in the
9 CuO, chains in S§,Cu,40 44 from a structural point of view.
An intimate relation between magnetism and superstructures
16 arising from the lattice misfit has been revealed as a function
1 of oxygen nonstoichiometry. The number of dimerized and

(b) 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.

FIG. 5. (a) Modified version of the cut and projection method It. is not clear whether the lattic? distortion aCtl.Ja”y eXiSts.
describing a uniform sequence of lonig)(and short §) segments at high temperature or appears with the change in eIecFronlc
(tang=s/l): SLSLSL.. (Ref. 19. (b) Application of the structure at low temperature. We observed no change in su-
method to the present superstructuses2, | =3, and tam given in perlattice reflect_|0ns in our ED experiments at Iow tempera-
Eq. (5). Each stepped zigzag line presents a possible 1D sequenddre. However, it would be impossible to detect in ED ex-
of 2cc and & spacings in the Cugchain for a selected value. ~ Periments such a lattice distortion as occurring if the
Derived commensurate 1D sequences pP@32323[(a,targ)  Periodicity is the same as that of the superlattice due to the
=(17/12,7/9)], [23] (10/7,6/9), [2323232323B (56/39,5/9), lattice misfit. It is evident from the present study that the
[23233 (13/9,4/9), and233] (16/11,3/9. A vertical line in the ~ main features of the charge ordered state are determined by
stepped lines corresponds to a Cu dimer, and a horizontal line a dilie misfit potential. Thus, we think that itinerant electrons in
trimer. Dimerized spins depicted with a pair of parallel arrowsthe CuG, chains at high temperature tend to be localized in
should be located on the Cu dimer. Excess uncoupled spins magimers in a given misfit potential as temperature decreases
occur on the trimer sites far>10/7, giving rise to free moments as below a dimer coupling energyp. It should be classified
observed in magnetic-susceptibility measurements. into a class of a singlet ground state different from the spin-
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Peierls transition, because the misfit potential plays the imlow temperature, and also to M. Kato and M. Azuma for
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