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Structural modulation, hole distribution, and hole-ordered structure of the incommensurate
composite crystal„Sr2Cu2O3…0.70CuO2
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Modulated structure of incommensurate composite crystal (Sr2Cu2O3)0.70CuO2 , ‘‘Sr14Cu24O41,’’ has been
investigated by single-crystal x-ray-diffraction method using centrosymmetric (311)-dimensional superspace
group. In (Sr2Cu2O3)0.70CuO2 , displacive modulation of O atom in the CuO2 chain is fairly large. Considering
the modulation of bond angles, it has been found that the Cu-O bond in the CuO2 chain is tilting toward the
Cu2O3 ladder in order that the O atom in the chain plays as apical oxygen for the CuO4 square in the ladder.
The bond-valence sum~BVS! method has been applied to investigate the hole distribution in the modulated
structure of (Sr2Cu2O3)0.70CuO2 . It is indicated that the valence of Cu atom in the Cu2O3 ladder is12.04,
where about 0.03 holes are certainly transferred from the CuO2 chain through the modulated O atom in the
CuO2 . The BVS calculation has demonstrated that almost all of the holes are prepared in the CuO2 chain by
the large modulation of the Cu-O bond. Cu atoms in the modulated CuO2 chain have been proved to form
hole-ordered structure with next-nearest-neighbor Cu21 ions separated by Cu31 ion on the Zhang-Rice singlet
site. The periodicity of the hole-ordered structure is five times of the average CuO2 lattice along the crystal-
lographicc axis, which is compatible with the spin-dimerized state at low temperature. The new model of the
two-dimensional hole-ordered structure in the CuO2 plane has been obtained by the BVS calculation. Further-
more, the two-dimensional configuration of the spin dimers has been successfully derived from the hole-
ordered structure in the CuO2 plane. It has been concluded that the valences of Cu atoms both in the Cu2O3

ladder and in the CuO2 chain are well controlled by the modulated O atom in the CuO2 chain.

DOI: 10.1103/PhysRevB.68.224108 PACS number~s!: 74.72.Jt, 71.45.2d
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I. INTRODUCTION

Since theoretical prediction that theS5 1
2 one-

dimensional antiferromagnetic Heisenberg chains sho
form a spin liquid state and have a spin gap in even-leg
ladder structure was proposed,1,2 much attention has bee
paid to so-called spin-ladder compounds. Especially
Sr142x(Ca, La, Y)xCu24O41 series with two-legged Cu2O3

ladder and one-dimensional CuO2 chain has been studied i
detail by such measurement as resistivity, optical conduc
ity, magnetic susceptibility, neutron scattering, and NMR3

because there is another theoretical prediction that the s
ladder compounds with even-numbered leg may show su
conductivity under appropriate hole doping.1,4 In the
Sr142x(Ca, La, Y)xCu24O41, Sr142xCaxCu24O41 series form
a self-doped system, because the formal valence of C
12.25. Substitution of Ca for Sr shows chemical press
effect with lattice shrinkage and promotes hole transfer fr
the CuO2 chain to the Cu2O3 ladder. At low temperature
below 15 K, superconductivity has been attained under h
pressure in the Sr142xCaxCu24O41 series such as
Sr2.5Ca11.5Cu24O41 and Sr0.4Ca13.6Cu24O41.5,6

The ternary Sr14Cu24O41 is well known as the paren
material of the Sr142x(Ca, La, Y)xCu24O41 series. In
the crystallographic point of view, Sr14Cu24O41 and
0163-1829/2003/68~22!/224108~15!/$20.00 68 2241
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Sr142x(Ca, La, Y)xCu24O41 should be expresse
as (Sr2Cu2O3)0.70CuO2 and (Sr22x(Ca, La,
Y) xCu2O3)0.701dCuO2, respectively, because they are call
composite crystal with two interpenetrating layer
substructures.7 In (Sr2Cu2O3)0.70CuO2, one of the substruc-
tures is the Sr2Cu2O3 lattice and the other is the CuO2 one.
By x-ray structure analysis of average substructures, McC
ron et al. have clarified that (Sr2Cu2O3)0.70CuO2,
‘‘Sr14Cu24O41,’’ is composed of the Cu2O3 planes with two-
legged ladders and the planes of edge-shared CuO2 chains,
alternately stacked.8 In (Sr2Cu2O3)0.70CuO2, the Cu2O3 lad-
ders and the CuO2 chains are separated by a sheet of
atoms in the Sr2Cu2O3 substructure. The Sr2Cu2O3 substruc-
ture and the CuO2 substructure are mutually incommensura
because the ratio of the in-plane lattice constants of the
erage substructures along the leg of Cu2O3 ladder and the
chain of the CuO2 is irrational. Because of the mutual incom
mensurability, it can be expected that the structural modu
tions between the substructures occur.

Recently, Matsudaet al. have reported that the CuO2
chain in (Sr2Cu2O3)0.70CuO2 shows spin-gap behavior ac
companied by the formation of spin-dimerized state at l
temperature below 85 K.9 After their unexpected finding
there have been arguments about the structure and the
odicity of the spin dimer in the CuO2 chain in
©2003 The American Physical Society08-1
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(Sr2Cu2O3)0.70CuO2.10,11 It is worth noting that Takigawa
et al., by 63,65Cu NMR/NQR measurements, have succe
fully distinguished magnetic Cu21 ions from nonmagnetic
Cu31, which form the so-called Zhang-Rice singlet.12 They
have indicated that the dimer wit
^↑(Cu21)&-^0(Cu31)&-^↓(Cu21)& spin fragment is formed
in the CuO2 chain in (Sr2Cu2O3)0.70CuO2. By inelastic
neutron-scattering method, Ecclestonet al. have revealed
that the spin dimer witĥ↑&-^0&-^↓& has a periodicity of five
units of the average structure of the CuO2 chain.13 On the
basis of the periodicity of the spin dimer in one CuO2 chain,
Regnaultet al. and Matsudaet al. have independently pro
posed the two-dimensional models of the magnetic orde
in the plane of the CuO2 chains.14,15An essential difference
between their models is the mode of relative arrangemen
the ^↑&-^0&-^↓& dimers between neighboring CuO2 chains. At
present therefore the two-dimensional configuration of
spin dimers in the CuO2 plane in (Sr2Cu2O3)0.70CuO2 seems
to be unsettled.

On the other hand, by means of electrical resistivity m
surement, Carteret al. have suggested that charge-orderi
behavior is caused by excess holes located on the C2
chain in (Sr2Cu2O3)0.70CuO2 around 250 K.16 After their
attractive work, there also have been controversies abou
periodicity of hole-ordered structure. By using the x-ray d
fraction method, Coxet al. have observed weak satellite r
flections along 00l scan at 50 K. They claimed that the sa
ellite reflections are brought about by the charge-order
effect in the CuO2 chain because the intensity of the satellit
decreases with increasing temperature. Successively, Fu
et al. also observed the satellites at low temperature. C
et al. and Fukudaet al. have proposed that the period
length of the hole-ordered CuO2 chain along the crystallo
graphicc axis is approximately four and five times, respe
tively, as long as that of the average CuO2 lattice.17,18 The
apparent discrepancy between their results seems to c
from the fact that the number of x-ray data with only 0l
reflections is insufficient to refine the structure parameter
the CuO2 chain. In both cases, the mutual lattice modulatio
between the Cu2O3 ladder and the CuO2 chain have been
ignored. Consequently, well-refined model of the ho
ordered structure including the effect of structural modu
tion in the CuO2 chain has not been proposed at all. T
more reliable model of the hole-ordered structure, which
indispensable for the spin-dimerization in the CuO2 at low
temperature, should be obtained from the modulated st
ture of (Sr2Cu2O3)0.70CuO2.

The modulated structure of (Sr2Cu2O3)0.70CuO2 is a qua-
siperiodic system with one-dimensional lattice modulatio
in both substructures. Therefore it can be closely descri
by the use of (311)-dimensional superspace-grou
symmetry.19,20 In the conventional structure analysis by M
Carron et al.,8 however, the presumed centrosymmte
space groups, namelyFmmmfor the Sr2Cu2O3 substructure
and Ammafor the CuO2 one, do not meet the condition o
the symmetry of (311)-dimensional superspace grou
well. In addition, after their structure refinement of the Cu2
part, theR value was 0.129. The rather highR value suggests
22410
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that the effect of lattice modulation on the CuO2 chain is
considerably large and should not be ignored in the struc
analysis. Subsequently, Ukeiet al. have reported the modu
lated structure analysis of (Sr2Cu2O3)0.70CuO2 with the use
of (311)-dimensional superspace-group symmetry.21 In
their modulated structure analysis, the acentric supersp
group A21ma(01g)0s0, for both substructures was em
ployed. According to their results, the distances between
in the Sr2Cu2O3 substructure and O in the CuO2 substructure
range from 1.95 to 2.87 Å@see Fig. 4~b!#. In their model with
the acentric superspace group, the minimum distance
tween Sr and O in the CuO2 chain is too short and the modu
lation amplitudes of the Sr-O distances are too large. T
far there have been presented no models of the modul
structure of pure (Sr2Cu2O3)0.70CuO2 that show the struc-
tural interaction between the substructures quite satisfa
rily.

On the other side, Jensenet al. have demonstrated with
impurities-mixed samples that the superspace gr
of (Sr1.92Bi0.08Cu2O3)0.70CuO2, ‘‘Sr13.44Bi0.56Cu24O41,’’
is centrosymmetric, which is different from the ace
tric one of Ca-rich (Sr0.057Ca1.943Cu2O3)0.701dCuO2,
‘‘Sr0.4Ca13.6Cu24O41.’’ 22,23 According to Kato et al. and
Matsudaet al., more remarkable is that the spin gap in t
CuO2 chain in (Sr2Cu2O3)0.70CuO2 is surprisingly depressed
when a small amount of Y ion is substituted for Sr and d
appear completely in (Sr1.86Y0.14Cu2O3)0.70CuO2.24,25More-
over, electrical resistivity in the Cu2O3 ladder part increase
with the substituted Y ion.10,26These behaviors show that th
properties of pure (Sr2Cu2O3)0.70CuO2 are very sensitive to
the impurities. This is also pointed out in the electronic pha
diagram of the @Sr22x(Ca, La, Y)xCu2O3#0.701dCuO2,
‘‘Sr142x(Ca, La, Y)xCu24O41’’ series.27 In the impurity-
substituted (Sr2Cu2O3)0.70CuO2, considerable amounts o
holes seem to be redistributed drastically accompanied
the change of the structural modulation. It seems ea
realized that the structural modulation between the subst
tures and the resulting hole distribution are importa
factors in occurrence of the physical properties
(Sr2Cu2O3)0.70CuO2. Actually, by optical measurement,
has been suggested that a small number of holes are pos
transferred between the substructures in
(Sr2Cu2O3)0.70CuO2.28

Taking into account the introduction mentioned above
is very important to investigate the modulated structure
pure (Sr2Cu2O3)0.70CuO2, which is free from the chemica
pressure effect with Ca doping, to understand the mechan
of the hole transfer and the hole distribution. The hole d
tribution in the modulated structure enables us to obt
more reliable model of the hole-ordered structure in
CuO2 plane of (Sr2Cu2O3)0.70CuO2. In particular, to see the
effect of the structural modulation on the hole ordering, it
important to study the modulated structure
(Sr2Cu2O3)0.70CuO2 at room temperature, where the charg
ordering effect is absent. Furthermore, the hole-orde
structure seems to give the clue to the spin-dimeriz
state of the CuO2 chains. In the present work therefor
we have investigated the symmetry and the modula
8-2
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STRUCTURAL MODULATION, HOLE DISTRIBUTION, . . . PHYSICAL REVIEW B 68, 224108 ~2003!
structure of mutually incommensurate composite crys
(Sr2Cu2O3)0.70CuO2, ‘‘Sr14Cu24O41,’’ by the use of
(311)-dimensional superspace group. The bond-vale
sum ~BVS! method considering the modulated compos
structure has been applied to investigate the hole distribut
the hole-ordered structure, and the role of the atomic mo
lation in (Sr2Cu2O3)0.70CuO2.

II. EXPERIMENT

Single composite crystals of (Sr2Cu2O3)0.70CuO2 were
grown by the traveling solvent floating zone~TSFZ! method.
A single composite crystal of (Sr2Cu2O3)0.70CuO2 with di-
mensions about 0.330.230.04 mm2 was used for the struc
ture analysis. The composite diffraction patterns
(Sr2Cu2O3)0.70CuO2 were identified by x-ray precessio
method with MoKa radiation (l50.71073 Å). In the pro-
cedure of the camera technique, Imaging plate~BAS UR 5
35 in. type, Fuji Photo Film Co., Ltd.! was used to detec
the weak satellite reflections of composite structure
(Sr2Cu2O3)0.70CuO2. The x-ray-diffraction data of both sub
structures were collected together with common reflecti
at room temperature using a Rigaku AFC5 diffractome
(MoKa radiation!. The lattice constants of both average su
structures were refined by least-squares method using 3
flections including eight common ones in the range 27,2u
,30°. The lattice constants of orthorhombic average s
structures of (Sr2Cu2O3)0.70CuO2 were refined as a
511.4794(8), b513.4060(10), andc53.9341(9) Å for
the Sr2Cu2O3 part anda511.4765(13),b513.4067(12),
and c52.7519(19) Å for the CuO2 one. These values ar
more accurate than those obtained by Ukeiet al.,21 which
suggests that the quality of our sample is more app
priate for structure analysis. The composition
(Sr2Cu2O3)0.70CuO2 was determined from the ratio of ce
dimensions of each average substructure. In our data co
tions, 1346 reflections were measured byv-2u scan mode in
the range 3,2u,60° and 448 unique reflections withuFou
.3s(uFou) were considered to be observed ones. Lore
polarization corrections and absorption corrections w
applied to all of the collected reflections. All of the calcul
tions for the structure refinement of the modulat
(Sr2Cu2O3)0.70CuO2 were carried out using a computer pr
gram system for the refinement of composite crystal str
tures, FMLSM.29 In our calculations, neutral atomic scatte
ing factors were taken from Cromer and Mann.30 Anomalous
dispersion factors used throughout this procedure are th
given by Cromer and Lieberman.31 The interatomic distance
and bond angles were calculated by using the program
the analysis of chemical bonds, BONDL, in the FMLSM a
the program to plot modulation functions, MODPLT, in
computer program for the refinement of modulated str
tures, REMOS.20 The modulated structure o
(Sr2Cu2O3)0.70CuO2 was drawn by the use of the progra
for parallel and perspective projections of modulated stru
tures, PRJMS, in the REMOS.
22410
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III. RESULTS AND DISCUSSION

A. Superspace-group description and structure refinement of
„Sr2Cu2O3…0.70CuO2

The lattice constants of the incommensurate basic st
ture of (Sr2Cu2O3)0.70CuO2 are determined as a
511.4794(8), b513.4060(10), c152.7519(19), andc2
53.9341(9) Å and the incommensurability between the
erage substructures are expressed ass5(0 0g) where g
5c2* /c1* 5c1 /c250.699. Therefore the accurate chemic
composition of the so-called Sr14Cu24O41 should be de-
scribed from the detailed formula of (Sr2Cu2O3)0.70CuO2 as
Sr14.0Cu24O41.0. The chemical composition of Sr14Cu24O41
was discussed by Hiroiet al. by the use of electron diffrac
tion method.11 They have suggested that oxygen nonstoic
ometry is possible in Sr14Cu24O41 and expressed its chemica
composition as Sr14Cu24O411d . Although they have esti-
mated that thed ranges from20.7 to 0.9, positive values o
d is impossible from our view about the composite structu
of (Sr2Cu2O3)0.70CuO2. At leastd must be a negative, eve
if the oxygen nonstoichiometry occurs. However, such n
stoichiometry is not appreciated in our following modulat
structure analysis.

The one-dimensionally modulated structure of compos
crystal (Sr2Cu2O3)0.70CuO2 can be described by the us
of (311)-dimensional superspace group symmetry. T
basis (s1 ,s2 ,s3 ,s4) of (Sr2Cu2O3)0.70CuO2 in (311)-
dimensional superspace are related to the b
(an ,bn ,cn ,dn) of thenth substructure by the transformatio
Pn as

~an ,bn ,cn ,dn!5~s1 ,s2 ,s3 ,s4!Pn, ~1!

where

P15S 1 0 0 0

0 1 0 0

0 0 1 0

0 0 g 1

D and P25S 1 0 0 0

0 1 0 0

0 0 1/g 2~1/g!

0 0 1 0

D .

~2!

The bases (an ,bn ,cn) in (an ,bn ,cn ,dn) are equivalent to
those of average substructures in three-dimensional phy
space.

If we takeA-centered lattices in the orthorhombic syste
for both substructures, all of the x-ray reflections
(Sr2Cu2O3)0.70CuO2 observed are indexed with four intege
indices~hklm! as

H5ha* 1kb* 1 lc1* 1mc2* , ~3!

where the set of$hkl0% corresponds to reflections from th
CuO2 substructure and the$hk0m% are from the Sr2Cu2O3
substructure. The former and the latter correspond to the
ellite reflections withl th and mth order for the Sr2Cu2O3
substructure and the CuO2 substructure, respectively. Th
$hk00% is common reflections which precisely prove th
(Sr2Cu2O3)0.70CuO2 forms a composite crystal structure
The $hklm% with lmÞ0 is the intrinsic satellite reflection
indicating the mutual lattice modulations between the s
8-3
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Y. GOTOH et al. PHYSICAL REVIEW B 68, 224108 ~2003!
structures. The reflection conditions of acent
A21ma(01g)0s0 assumed for (Sr2Cu2O3)0.70CuO2 by Ukei
et al. are k1 l 1m52n for hklm and m52n for h0lm. In
addition, as the x-ray precession photograph
(Sr2Cu2O3)0.70CuO2 in Fig. 1 shows, we have observed a
other condition for the satellite 0klm asm52n. This leads
to the centrosymmetric superspace groups for both subs
tures of (Sr2Cu2O3)0.70CuO2 as Amma(01g)ss0 for the
CuO2 part andAcca(01g) for the Sr2Cu2O3 part where
Acca is obtained fromAbma by shifting the origin as
~0 1

4
1
4 !. The convergent beam electron diffraction~CBED!

method has also clarified the presence of center of symm
for both substructures.32 The CBED observation has show
that the point-group symmetry of both average substructu
is not 2mm but mmm. Thus the generators of the symmet
operations of the superspace groups employed

(s1u 1
2 ,0,0,12 ), (s2u0,0,0,12 ), (I u0,0,0,0), and (Eu0,1

2 , 1
2 , 1

2 ).
The symmetry operations for superspace groups
(Sr2Cu2O3)0.70CuO2 have turned out to be equivalent
those for Amma(0011g)ss-1 of Bi-doped
(Sr1.92Bi0.08Cu2O3)0.70CuO2.22 As Kato et al. and Matsuda
et al. claimed, we must be reminded that even a sm
amount of trivalent ion substitute
for Sr in the Sr2Cu2O3 substructure greatly affect th
structural feature and charge distribution of pu
(Sr2Cu2O3)0.70CuO2.24,25Here, we can predict that the sym
metry of (Sr2Cu2O3)0.70CuO2 is unchanged by substituting
small amount of Bi, Y, or La for Sr. It should be also emph
sized that the structural modulations of (Sr2Cu2O3)0.70CuO2,
‘‘Sr14Cu24O41,’’ are quite different from those of the Ca-ric
compounds such as (Sr0.057Ca1.943Cu2O3)0.701dCuO2,
‘‘Sr0.4Ca13.6Cu24O41.’’ 23 Distinct from the centrosym-
metric superspace groups for the substructures
(Sr2Cu2O3)0.70CuO2, the acentric superspace grou
F222(11g) are employed for both substructures
(Sr0.057Ca1.943Cu2O3)0.701dCuO2.

In the modulated structure analysis, each atomic posi
(xn , yn , zn , t) in thenth substructure are obtained from th

FIG. 1. The composite 0klm diffraction pattern of
(Sr2Cu2O3)0.70CuO2 , ‘‘Sr14Cu24O41,’’ observed by x-ray photo-
graph.
22410
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coordinate (u1 , u2 , u3 , u4) of four-dimensional structure in
(311)-dimensional superspace as

~xn , yn , zn , t !5~u1 , u2 , u3 , u4!@~Pn!21#T, ~4!

wheret is the internal parameter in (311)-dimensional su-
perspace.

The modulated composite structure
(Sr2Cu2O3)0.70CuO2 was refined with 448 unique data. A
first, unmodulated incommensurate basic structure was
fined with isotropic temperature factors for all atoms. At th
stage,R andRw values are 0.102 and 0.105, respectively a
Biso. of O~1! atom in the CuO2 chain is 2.61 Å2, which is
rather larger than those of O~2! (Biso.50.45 Å2) and O~3!
(Biso.50.75 Å2) in the Cu2O3 ladder. The large value ofBiso.
of O~1! suggests that displacive modulation of O~1! atom is
fairly large in the CuO2 chain. In the second step, we hav
adopted the structure model with first-order waves of
displacive modulation for all atomic positions. With ha
monic modulation function, the atomic position in thenth
substructure is expressed as

~xn , yn , zn , t !5r n01S$ak cos@2pkPn~r n0 ,t !T#

1bk sin@2pkPn~r n0 ,t !T#%, ~5!

where r n05(xn , yn , zn)0 is the atomic position of thenth
average structure andk is the modulation wave vectors. Th
refinement converged to anR value of 0.058 and anRw value
of 0.069, where anisotropic temperature factors were u
for the atoms other than O~2!. At this stage, the equivalen
thermal parameterBeq. of O~1! was 1.45 Å2. In the final step
of the structure refinement, the effect of the second orde
all of the atomic modulation functions was checked. It h
been revealed that the second-order modulations for Sr in
Sr2Cu2O3 and O~1! in the CuO2 are significant in our final
model of the modulated structure of (Sr2Cu2O3)0.70CuO2.
The refined atomic parameters are listed in Table I, where
R value converged to 0.054 and theRw value was 0.067. The
statistical value of AIC~akaike information criterion! was
2702.33 In Table I, several Fourier coefficients of the mod
lation function are fixed at 0 by considering the site symm
try of each atom in the average substructures. The ther
parameters are presented byUeq. which is equivalent to
Beq./8p2. It should noted that the thermal parameterBeq. of
O~1! has been reduced to 1.03 Å2 in the modulated structure
As we can see from Table I, the number of independ
atoms has been decreased from nine in the acentric mod
six in our centrosymmetric structure.

B. Modulated structure of „Sr2Cu2O3…0.70CuO2

With the atomic parameters listed in Table I, the mod
lated structure of (Sr2Cu2O3)0.70CuO2 is drawn in Fig. 2. In
Fig. 3, the displacements of all of the independent ato
along each crystallographic axis are calculated in the inte
t space in (311)-dimensional superspace. Here we mu
note that the displacement of Cu~1! in the CuO2 substructure
are absent because the first order of the displacive mod
tion for Cu~1! is fixed at 0 by the symmetrical constraint. I
our refinement, the second order of the modulation has
been adopted for Cu~1! because it has brought about no im
provements in the values ofR, Rw , and AIC. On the whole,
8-4
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TABLE I. Atomic parameters of the modulated structure of (Sr2Cu2O3)0.699CuO2 ‘‘Sr14Cu24O41’’ with estimated standard deviations i
parentheses. Average positions and modulation amplitudes are represented by fractional coordinates and Å, respectively. The
refined in the superspace group symmetryAmma(01g)ss0: Acca(01g). The modulation parametersak and bk are the cosine and sin
amplitudes of the Fourier series of the modulation function, wherek is the modulation vector.

Atom Occupancy x y z 100(Ueq.)

Cu~1!

Average 0.25 0.25 0.5 0.373~1! 1.26~8!

a0001 0.0 0.0 0.0 0.0 0.0
b0001 0.0 0.0 0.0 0.0 0.0
O~1!

Average 0.5 0.138~1! 0.5 0.878~7! 1.3~7!

a0001 0.0 0.0 20.08~8! 0.0 0.0
b0001 0.0 0.0 20.29~2! 0.0 0.0
a0002 0.0 20.01~4! 0.0 0.14~11! 0.0
b0002 0.0 20.08~6! 0.0 20.06~2! 0.0
Sr
Average 0.5 0.5 0.3785~1! 0.25 0.79~6!

a0010 0.0 0.0 20.040~6! 0.0 0.0
b0010 0.0 20.028~6! 0.0 0.106~7! 0.0
a0020 0.0 0.0 20.05~2! 0.0 0.0
b0020 0.0 20.024~6! 0.0 0.000~11! 0.0
Cu~2!

Average 0.5 0.3344~2! 0.25 0.744~4! 0.70~8!

a0010 0.0 0.0 20.021~12! 0.0 0.0
b0010 0.0 0.0 20.055~12! 0.0 0.0
O~2!

Average 0.5 0.169~1! 0.25 0.76~1! 0.1~3!a

a0010 0.0 0.0 20.12~5! 0.0 0.0
b0010 0.0 0.0 0.11~5! 0.0 0.0
O~3!

Average 0.25 0.5 0.25 0.75 0.7~7!

a0010 0.0 0.0 20.12~5! 0.0 0.0
b0010 0.0 0.0 0.0 0.0 0.0

aIsotropic temperature factor.
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FIG. 2. Mutually incommensurate modulated structure
(Sr2Cu2O3)0.70CuO2 , ‘‘Sr14Cu24O41.’’ Small solid circles denote
Cu atoms; medium~dark gray-colored! circles represent Sr atoms
large ~light gray-colored! circles are O atoms.
22410
as we can see from Fig. 3, the modulation amplitude
comes large along thea, c, and b axis in that order. The
modulation amplitudes along thea axis are slight, becaus
both average substructures have equivalent lattice dimen
and do not interpenetrate with each other along thea axis.
The amplitudes along thec axis are larger, because the CuO2
substructure and the Sr2Cu2O3 substructure are mutually in
commensurate along thec axis. Since the mutually incom
mensurate substructures are stacked alternately along tb
axis, the modulation amplitudes along theb axis are most
important. We can confirm that these features are also v
in the Bi-doped (Sr1.92Bi0.08Cu2O3)0.70CuO2.22 However, the
differences of the atomic modulation amplitude betwe
(Sr2Cu2O3)0.70CuO2 and (Sr1.92Bi0.08Cu2O3)0.70CuO2 are
appreciable for O atoms. In particular, the difference of
modulation amplitude of the O atom in the CuO2 chain is
estimated to be more than 0.05 Å in all axes. Thus the
nificant difference in the mode of the modulation of the
atom seems to affect the distribution of holes in the Cu2
chain which control the physical properties
(Sr2Cu2O3)0.70CuO2.10,24–27
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As for the elements in (Sr2Cu2O3)0.70CuO2, the displa-
cive modulations of Cu, Sr, and O become large in that or
Besides the modulation of O atoms, the modulation of the
atom is large enough and effective for the stacking of b
substructures. The bond formation between the Sr atom
O atoms in the Cu2O3 ladder and the CuO2 chain seems to be
indispensable in stabilizing the modulated composite str
ture of (Sr2Cu2O3)0.70CuO2, because the sheet of the S
atom is situated between the planes of the Cu2O3 ladder and
the CuO2 chain. Thus to reveal the structural stability of th
modulated (Sr2Cu2O3)0.70CuO2, we have calculated all o
the Sr-O lengths for both centrosymmetric and acentric m
els in Figs. 4~a! and ~b!, respectively. The interatomic dis
tances between Sr and O~1! in the CuO2 calculated with our
centrosymmetric superspace groups, that is,Amma(01g)ss0
for the CuO2 substructure andAcca(01g) for the Sr2Cu2O3
substructure, range from 2.40~5! Å at t50.49 to 2.57~5! Å at
t50.28, wheret is expressed ast52gu31u4 . They should
be compared with those of the structure model with acen
superspace group,A21ma(01g)0s0, which was proposed by
Ukei et al. According to their results,21 the interatomic dis-
tances between Sr and O in the CuO2 range from 1.95 to
2.87 Å, and hence their modulation amplitudes are m

FIG. 3. Displacive modulation amplitudes of independent ato
in (Sr2Cu2O3)0.70CuO2 , ‘‘Sr14Cu24O41.’’ The t is the internal coor-
dinate in (311)-dimensional superspace.
22410
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larger than those of our results. As we can see from
present comparison, the smaller amplitude of the bonding
the interface between the substructures should be obtaine
a more stable and appropriate structure model. Moreo
modulation amplitudes of the Sr-O lengths in the Sr2Cu2O3
in the centrosymmetric model are smaller than those in
acentric one. In our model, as a result, all of the Sr-O leng
show appropriate values and their modulation amplitudes
suppressed less than about 0.3 Å.

In Fig. 5, Cu-O bonds in the Cu2O3 ladder in
(Sr2Cu2O3)0.70CuO2 are illustrated. All of the modulation
amplitudes of the Cu-O bonds in the Cu2O3 ladder are less

s

FIG. 4. Sr-O distances in the modulated structure
(Sr2Cu2O3)0.70CuO2 with centrosymmetric~a! and acentric~b! su-
perspace groups. The solid lines denote Sr-O distances in
Sr2Cu2O3 substructure; the dotted and dashed lines represent S
distances between the Sr2Cu2O3 substructure and the CuO2 sub-
structure.
8-6
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STRUCTURAL MODULATION, HOLE DISTRIBUTION, . . . PHYSICAL REVIEW B 68, 224108 ~2003!
than 0.02 Å. Compared with the weak modulation
the Cu2O3 ladder in (Sr2Cu2O3)0.70CuO2, the magnitudes
of the modulation in the Cu2O3 ladder in Ca-rich
(Sr22xCaxCu2O3)0.701dCuO2 compounds are appreciabl
From the preliminary results using the polycry
talline sample, the maximum modulation amplitu
of the Cu-O bonds in the Cu2O3 ladder in
(Sr0.057Ca1.943Cu2O3)0.701dCuO2, ‘‘Sr0.4Ca13.6Cu24O41,’’
amounts to about 0.1 Å.23 Thus in the
(Sr22xCaxCu2O3)0.701dCuO2 series, we can expect that th
effect of structural modulation on the Cu2O3 ladder becomes
weak with decreasing the substitution of the Ca atom for
Sr atom. It should be noted that all of the atomic displa
ments in the Cu2O3 in (Sr2Cu2O3)0.70CuO2 are confined
along the stacking direction, because thex andz elements of
the modulation functions for Cu~2!, O~2!, and O~3! are fixed
at 0 by the symmetrical constraint~see Table I and Fig. 3!. To
evaluate the flatness of the two-legged Cu2O3 ladder in
(Sr2Cu2O3)0.70CuO2, then, the angles betweenac plane and
the selected bonds in the Cu2O3 ladder are calculated. As w
can see from Table II, the two-legged ladder bends less
about 4° along thec axis, while the alignment of the

FIG. 5. Cu-O distances in the Cu2O3 ladder in
(Sr2Cu2O3)0.70CuO2 .
22410
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@Cu(2)O(2)#2 square between the two-legged ladders
slightly rugged. With these structural features, the Cu2O3

ladder in (Sr2Cu2O3)0.70CuO2 forms a low-dimensional elec
tron system, where a charge-density wave develops in
ladder below 250 K.34

In contrast to the Cu2O3 ladder, the effect of structura
modulation on the CuO2 chain is enormous in
(Sr2Cu2O3)0.70CuO2 ~see Fig. 2!. The occurrence of the larg
modulation in the CuO2 chain seems a common feature
the (Sr22xCaxCu2O3)0.701dCuO2, ‘‘Sr142xCaxCu24O41,’’ se-
ries. In the Ca rich compounds such
(Sr0.057Ca1.943Cu2O3)0.701dCuO2,23 both Cu and O atoms in
the CuO2 modulate independently. However, i
(Sr2Cu2O3)0.70CuO2, only the O atom is modulated in th
CuO2 chain and the displacement of Cu is fixed at 0 by t
symmetrical reason as mentioned before. We must rea
that the site symmetries of Cu and O atoms in theA-centered
CuO2 in (Sr2Cu2O3)0.70CuO2 with centrosymmetric super
space groups are quite different from those in theF-centered
CuO2 in (Sr0.057Ca1.943Cu2O3)0.701dCuO2 with acentric su-
perspace groups.

On account of the large thermal factorBiso.(52.61 Å2) of
O~1! in the average structure of (Sr2Cu2O3)0.70CuO2, the
modulation of O atom in the CuO2 chain was presumed to b
fairly large. By applying the modulation functions in Eq.~5!
to the average substructure of the CuO2, the reliability fac-
tors have been successfully reduced fromR/Rw
50.157/0.194 toR/Rw50.066/0.076 withhkl0 (lÞ0) re-
flections. The modulated Cu-O bonds in the CuO2 chain in
(Sr2Cu2O3)0.70CuO2 are calculated in Fig. 6. In the CuO2
chain, the Cu(1;x, y, z)-O(1;x, y, z) bond varies from
1.82~8! Å at t50.147 to 2.00~8! Å at t50.389 and the
Cu(1;x, y, z)-O(1;x, y, z21) bond varies from 1.74~7! Å
at t50.019 to 2.03~7! Å at t50.272. The maximum modu
lation amplitude of the Cu-O bonds in the CuO2 chain thus
amounts to about 0.3 Å, which is considerably larger than
amplitude about 0.02 Å obtained for the Cu-O bonds in
Cu2O3 ladder. Because of the large amplitude of t
Cu-O bonds caused by the modulated O~1! atom, hole
modulation is expected to occur in the CuO2 chain. In
Fig. 7, the bond angles of O-Cu-O and Cu-O-Cu in t
o

TABLE II. The minimum and maximum values of the angles~deg.! betweenac plane and the selected bonds in the Cu2O3 ladder in

(Sr2Cu2O3)0.70CuO2 with estimated standard deviations in parentheses. Correspondingt value in (311)-dimensional superspace is als
presented.

Atoms and symmetry codes Minimum t value Maximum t value

Along the leg within two-legged ladder

Cu(2;x, y, z)-O(2;2x1
1
2 , y, z1

1
2 ) 1.0~6! 0.13 3.3~9! 0.31

Cu(2;x, y, z)-Cu(2;x, y, z11) 0.0~12! 0.06 1.7~4! 0.24
Along the rung within two-legged ladder

Cu(2; x, y, z)-O(3;x, y, z) 0.7~5! 0.28 3.6~13! 0.11
Cu(2;x, y, z)-Cu(2;x11, y, z) 0.7~5! 0.05 1.8~4! 0.23
Between two-legged ladders

Cu(2;x, y, z)-O(2;x, y, z) 2.2~15! 0.00 6.4~15! 0.17
8-7
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CuO2 chain are calculated. Along thec axis, the
O(1;x, y, z)-Cu(1;x, y, z)-O(1;x, y, z21) angle varies
from 86.9° at t50.07 to 100.4° at t50.32 and the
Cu(1;x, y, z)-O(1;x, y, z)-Cu(1;x, y, z11) angle varies
from 89.4° att50.02 to 96.6° att50.26. On account of the
large displacement of O~1! atom, the modulation of the
O-Cu-O bond angle is larger than that of the Cu-O-Cu an
As we can see from Fig. 7, the Cu-O-Cu angle is mos
under 96°. Mizunoet al. theoretically predicted that the ex
change interaction between the nearest-neighbor Cu21 ions
in the edge shared CuO2 chain turns out to be ferromagnet
if the Cu-O-Cu angle is below about 95°.35 Thus if the
nearest-neighbor Cu21 ions existed in all over the CuO2
chain, ferromagnetic features could be observed at low t
perature in (Sr2Cu2O3)0.70CuO2.

C. Hole distribution in the modulated „Sr2Cu2O3…0.70CuO2

From the chemical composition of (Sr2Cu2O3)0.70CuO2,
it is evident that the formal valence of Cu atom is12.25 and

FIG. 6. Cu-O distances in the CuO2 chain in
(Sr2Cu2O3)0.70CuO2 .

FIG. 7. O-Cu-O and Cu-O-Cu bond angles in the CuO2 chain in
(Sr2Cu2O3)0.70CuO2 .
22410
e.
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that holes are self-doped in (Sr2Cu2O3)0.70CuO2. From the
modulated composite structure analysis in the present st
ununiform distribution of holes are expected
(Sr2Cu2O3)0.70CuO2. Since Cu sites in (Sr2Cu2O3)0.70CuO2
are nonequivalent with each other, bond-valence sum~BVS!
calculation is one of the most effective methods to estim
local valences of Cu atoms.36,37By the BVS calculation with
the average substructures of (Sr2Cu2O3)0.70CuO2, Kato
et al. attempted to estimate the mean valence of Cu atom
each substructure.38 However, to understand the charg
transfer between the substructures and the effect of la
modulation exactly, we need to calculate the bond valen
of the modulated Cu-O bonds in (Sr2Cu2O3)0.70CuO2. In the
case of the modulated structure of composite crystal,
BVS of the i th atom in themth substructureVim(t) is de-
scribed as

Vim~ t !5S j sim, j n~ t !5S jSg exp@$r 02r im, j n~ t,g!%/B#,
~6!

wheresim, j n(t) andr im, j n(t,g) are the bond valence and th
interatomic distance between thei th atom in themth sub-
structure and thej th atom in thenth substructure, respec
tively. The g is the symmetry operation of thej th atom in
(311)-dimensional superspace. The constantB is set as 0.37
and the parameterr 0 of the i th atom depends on its valenc
The r 0 of Cu21 selected from reference by Brownet al. is
1.679.39

By taking into account the four Cu-O bonds within th
Cu2O3 ladder, the BVS of Cu~2! is calculated in thet space,
as illustrated in Fig. 8. Because of the small modulation a
plitudes of the Cu-O lengths, the BVS of Cu~2! is quite uni-
form in the ladder. The average BVS value of Cu~2! is 2.01,
and accordingly Cu~2! seems to be almost undoped with
the ladder plane of the Cu2O3. The angle-resolved photo
emission spectroscopy~ARPES! experiment has also indi
cated that the Cu atom in the Cu2O3 ladder is substantially
undoped.40 By neglecting the structural modulation, the ele

FIG. 8. Bond valences of Cu-O~dotted lines! and bond-valence
sum ~solid line! of Cu within the Cu2O3 ladder in
(Sr2Cu2O3)0.70CuO2 .
8-8
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STRUCTURAL MODULATION, HOLE DISTRIBUTION, . . . PHYSICAL REVIEW B 68, 224108 ~2003!
tronic structure calculation with local-density approximati
method has obtained that the valence of Cu~2! in the ladder
is 1.97.41 On the whole, these quite similar results sugg
that the weak modulation developed within the ladder pla
hardly affects the electronic structure of the Cu2O3 ladder
and prepares no holes in the Cu2O3 in (Sr2Cu2O3)0.70CuO2.
It should be kept in mind that, in the Ca-rich compou
(Sr0.057Ca1.943Cu2O3)0.701dCuO2, about 0.2 holes per Cu
atom in the ladder are transferred from the CuO2 chain.42

Therefore in the absence of lattice shrinkage which is cau
by chemical pressure effect with Ca doping, it seems m
interesting to see whether structural modulation of the Cu2
chain can cause hole doping to the Cu2O3 ladder or not in
(Sr2Cu2O3)0.70CuO2. Accordingly, we need to investigat
the effect of the modulation of the O atom in the CuO2 chain
on the Cu2O3 ladder. We can see from Fig. 9 that the O~1! in
the CuO2 chain in (Sr2Cu2O3)0.70CuO2 is, as in the case o
(Sr0.057Ca1.943Cu2O3)0.701dCuO2, aligned just above and be
low the Cu-O legs in the ladder even though the relat
arrangement of neighboring CuO2 chains in theac plane is
different to that of the Ca-rich compounds. Figure 10 sho
selected Cu-O distances between the substructures in m
lated (Sr2Cu2O3)0.70CuO2. Evidently, the bonding betwee
Cu~2! in the Cu2O3 ladder and O~1! in the CuO2 chain seems
most important between the substructures. The minimum
the Cu~2!-O~1! distance is 3.05~3! Å at t50.155. To reveal
the role of the modulated O atom in the CuO2 chain exactly,
the tilt angle of Cu~1!-O~1! bond are calculated together wit
the Cu~2!-O~1! distance. It can be seen from Fig. 11 th
the Cu~2!-O~1! distance is attained to its minimum b
the large tilt of the Cu~1!-O~1! bond from theac plane.
The minimum Cu~2!-O~1! distance should be compare
to that of the corresponding Cu-O distance

FIG. 9. Modulated composite structure of (Sr2Cu2O3)0.70CuO2

along theb axis.
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(Sr0.057Ca1.943Cu2O3)0.701dCuO2.23 With the lattice shrink-
age by the chemical pressure effect, the minimum Cu-O
tance between the substructures is about 2.68 Å
(Sr0.057Ca1.943Cu2O3)0.701dCuO2, where the O atom in the
CuO2 chain is regarded as an apical atom for the Cu4

FIG. 10. Interatomic distances of Cu-O between the subst
tures. The solid lines denote distances between Cu~2! in the Cu2O3

and O~1! in the CuO2 ; the dashed lines represent distances betw
Cu~1! in the CuO2 and O~2! in the leg of the Cu2O3 ; the dotted
lines are distances between Cu~1! in the CuO2 and O~3! in the rung
of the Cu2O3 .

FIG. 11. Modulated interaction between the Cu2O3 ladder and
the CuO2 chain. The solid line denotes Cu~2!-O~1! distance be-
tween the substructures; the dashed-and-dotted and dashed
two-dotted lines represent deviation from 90° of O~1!-Cu~2!-O~2!
and O~1!-Cu~2!-O~3! angles, respectively; the dashed line is the
angle of Cu~1!-O~1! bond from theac plane.
8-9
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square in the Cu2O3 ladder. Thus some apical O atoms
the CuO2 and the CuO4 squares form the elongate
CuO5 tetragonal pyramids on the ladder plane
(Sr0.057Ca1.943Cu2O3)0.701dCuO2. In (Sr2Cu2O3)0.70CuO2,
on the other hand, to see if the O~1! atom in the CuO2 chain
really behaves like an apical atom for the CuO4 square in the
Cu2O3 ladder, O~1!-Cu~2!-O~2! and O~1!-Cu~2!-O~3! angles
are evaluated. When the O~1!-Cu~2!-O~2! and the O~1!-
Cu~2!-O~3! angles are close to 90°, the distortion of the elo
gated CuO5 tetragonal pyramid should be small along the l
and the rung, respectively, in the ladder. As we can see f
Fig. 11, the deviations of the O~1!-Cu~2!-O~2! and the O~1!-
Cu~2!-O~3! angles from 90° tend to decrease as the Cu~2!-
O~1! distance approaches its minimum. The marked corr
tion among the Cu~2!-O~1! distance and the O~1!-Cu~2!-O~2!
and the O~1!-Cu~2!-O~3! angles aroundt50.15 convince us
that the O atom in the CuO2 chain can be regarded as th
apical atom for the CuO4 squares in the Cu2O3 ladder and
that holes can be transferred from the CuO2 to the Cu2O3 in
(Sr2Cu2O3)0.70CuO2 ~see Fig. 12!. To evaluate the amount
of holes transferred from the CuO2 chain to the Cu2O3 lad-
der, the BVS of the Cu~2!-O~1! bondings in the modulated
structure of (Sr2Cu2O3)0.70CuO2 was calculated. As we ca
see from Fig. 13, about 0.03 holes per Cu~2! atom are trans-
ferred from the CuO2 chain to the Cu2O3 ladder. The hole

FIG. 12. Modulated composite structure of (Sr2Cu2O3)0.70CuO2

along thea axis. The thin, medium, and wide gray-colored lin
show the distances of Cu~2!-O~1! bondings less than 3.30, 3.20, an
3.10 Å, respectively.
22410
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transfer in (Sr2Cu2O3)0.70CuO2 has been also indicated b
optical conductivity measurement and polarizatio
dependent x-ray absorption spectrum.28,43 Thus from the
modulated structure analysis of (Sr2Cu2O3)0.70CuO2, we
have closely revealed that a finite number of holes are
doubtedly transferred, even in the absence of the chem
pressure effect with Ca doping, from the CuO2 chain to the
Cu atom in the Cu2O3 ladder through the modulated O ato
in the CuO2.

By considering the valence of Cu~2! in the ladder and the
chemical composition of (Sr2Cu2O3)0.70CuO2, most of the
holes should be located in the CuO2 chain. This is qualita-
tively consistent with the results from the ARPES expe
ment, optical conductivity measurement, and electro
structure calculation.28,40,41 The average valence of Cu~1!
atom in the CuO2 chain is about 2.6. This shows that, in th
@Sr22x(Ca, La, Y)xCu2O3#0.701dCuO2 series, the maximum
amounts of holes are prepared in the CuO2 chain in
(Sr2Cu2O3)0.70CuO2. Thus the BVS method was also ap
plied to reveal the hole distribution in the modulated Cu2
chain in (Sr2Cu2O3)0.70CuO2. If we adopt 1.73 as ther 0 of
Cu31 in the BVS calculation,37 the r 0 of the Cu~1! atom is
obtained by interpolation to be 1.71. Taking into account
modulated Cu-O bonds in the CuO2 chain, the bond valence
and the BVS of Cu~1! are calculated in Fig. 14. According t
the large modulation amplitudes of the Cu-O lengths in
chain, the bond valences and the BVS of Cu~1! are remark-
ably modulated in thet space, which is distinct from thos
obtained for the Cu~2! atom in the Cu2O3 ladder~see Fig. 8!.
The BVS value of Cu~1! modulates between 1.9 and 3.
which means that valence modulation including Cu21 and
Cu31 ions occurs in the CuO2 chain in (Sr2Cu2O3)0.70CuO2.
Because the valence modulation is brought about by
structural modulation, that is, by the large modulation of t
Cu-O bonds in the CuO2 chain, the holes prepared in th
CuO2 seem to be localized as the optical conductivity me
surement has suggested.28 The large modulation of BVS of
Cu in the CuO2 chain was also observed in Ca-ric

FIG. 13. Bond valences~dotted lines! and bond-valence sum
~solid line! between Cu~2! in the Cu2O3 ladder and O~1! in the
CuO2 in (Sr2Cu2O3)0.70CuO2 .
8-10
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STRUCTURAL MODULATION, HOLE DISTRIBUTION, . . . PHYSICAL REVIEW B 68, 224108 ~2003!
(Sr0.057Ca1.943Cu2O3)0.701dCuO2,42 but the behavior of the
BVS wave is quite different from that obtained
(Sr2Cu2O3)0.70CuO2. In addition, its BVS value is in the
range of about 1.7–2.8. Presumably, the decrease of the
value in (Sr0.057Ca1.943Cu2O3)0.701dCuO2 is mainly caused
by the hole transfer from the CuO2 chain to the Cu2O3 ladder
about 0.2 holes per Cu atom in the Cu2O3. In any case, it has
become apparent in the (Sr22xCaxCu2O3)0.701dCuO2 series
that large amounts of holes are formed in the CuO2 chain by
the large modulation of the Cu-O bonds. Especially
(Sr2Cu2O3)0.70CuO2, the modulation of the Cu-O bonds a
characteristically induced solely by the O atom in the Cu2
chain. The large modulation of the O atom in the CuO2 chain
neatly brings about the valence modulation, namely, the h
localization in the modulated CuO2 and the hole transfer to
the Cu2O3 ladder. It is noteworthy that small amounts
holes on the Cu2O3 ladder, which is transferred through th
O atom in the CuO2 chain, are necessary to explain the sem
conductive behavior of (Sr2Cu2O3)0.70CuO2.26,44 Thus the
structural features of (Sr2Cu2O3)0.70CuO2 obtained in the
present study explicitly improve that picture proposed
Carter et al. which suggests that the holes prepared in
CuO2 chain are mobile and responsible for the electri
properties of (Sr2Cu2O3)0.70CuO2.16

D. Hole ordering in the modulated CuO2 in
„Sr2Cu2O3…0.70CuO2

As clarified by the BVS calculations, most of the holes
(Sr2Cu2O3)0.70CuO2 are located in the CuO2 chain and the
hole localization including Cu21 and Cu31 ions certainly
occurs at room temperature. The hole localization seem
be related to charge-ordering behavior in the CuO2 observed
below 250 K,16,45,46whereas spin-gap behavior accompan
by the formation of the spin-dimerized state is realized
low temperature below 85 K.9 Thus far some models of th

FIG. 14. Bond valences of Cu-O~dotted lines! and bond-
valence sum ~solid line! of Cu in the CuO2 chain in
(Sr2Cu2O3)0.70CuO2 . There is the correlation between the bon
valence sum of Cu and the O-Cu-O bond angle~dashed-and-dotted
line! in the CuO2 chain.
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hole-ordered structure which is considered to be closely
sponsible for the spin-dimerized state of the CuO2 chain
have been proposed. According to the initial studies w
inelastic neutron-scattering measurement,10 it was suggested
that the Cu21 ion couples with next-nearest-neighb
Cu21 in the CuO2 chain to form a periodic
^↑(Cu21)& - ^0(Cu31)& - ^↓(Cu21)&-^0(Cu31)& - ^↑(Cu21)&
spin chain. The periodic structure of the spin arrangem
might be attained if the periodicity of the hole-ordered stru
ture were two units of the average substructure of the Cu2
chain. In spite of the spin arrangement, Coxet al. suggested
a superstructure with four times periodicity of the avera
CuO2 along thec axis by x-ray-diffraction measurement.17

Further, they proposed the domain structure with^↑&-^0&-^↓&-
^0&-^↑& and ^↑&-^↓&-^↑& in the spin-dimerized state of th
CuO2 chain. On the other hand, in conflict with their resul
Fukudaet al. found the weak satellite reflections by the x-ra
diffraction that are attributed to the superstructure with fi
times periodicity of the average CuO2.18 The apparent dis-
crepancy between their results seems to come from the
that they have observed only 00l reflections and that the
number of x-ray data is insufficient to refine the structu
parameters of the CuO2 chain. Moreover, they have ignore
the structural modulations in (Sr2Cu2O3)0.70CuO2. Thus
their superstructure models seem unsatisfactory to exp
the occurrence of the hole-ordered state of the CuO2 chain.
We must note that the well refined hole-ordered structure
the plane of the CuO2 chains in (Sr2Cu2O3)0.70CuO2 has not
been so far proposed at all. It should be emphasized tha
most accurate model of the hole ordering in the CuO2 is
obtained by investigating the modulated structure
(Sr2Cu2O3)0.70CuO2.

To investigate the hole-ordering behavior in the Cu2
chain, it is necessary to transform the BVS values of
Cu~1! atom in thet space into those in the three-dimension
physical space. As we can see from Fig. 15, a hole-orde
structure including Cu21 and Cu31 ions is obtained in the
CuO2 chain in (Sr2Cu2O3)0.70CuO2, though fluctuation of
BVS values are observed to some extent. The fluctuation
BVS may be depressed with decreasing temperature. In

FIG. 15. Bond-valence sums of Cu~1! in the CuO2 chain in the
three-dimensional physical space. The solid circles show h
unoccupied Cu21 ~dimer! sites; the solid triangles are fully hole
occupied~ZR-singlet! sites between the Cu21 sites; the open tri-
angles indicate partially hole-occupied~extended ZR-singlet! sites
between dimers.
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hole-ordered state at room temperature, it is indicated
the ^Cu21&-^Cu31&-^Cu21& arrangement is present with th
periodicity of five units of the average CuO2 along thec axis.
We can expect that the hole-ordered structure satisfacto
leads to the spin-dimerized state at low temperature, bec
(Sr2Cu2O3)0.70CuO2 does not show structural transformatio
below room temperature. Details of the spin-dimerized s
have been revealed mainly by Takigawaet al. and Eccleston
et al. By 63,65Cu NMR/NQR measurements, Takigawaet al.
have successfully distinguished magnetic Cu21 ions from
nonmagnetic Cu31, which form Zhang-Rice~ZR! singlet.12

They have suggested that the dimer w
^↑(Cu21)&-^0(Cu31)&-^↓(Cu21)& spin fragment is formed
in the CuO2 chain in (Sr2Cu2O3)0.70CuO2. Ecclestonet al.,
by inelastic neutron-scattering method, have revealed
the spin dimer witĥ↑&-^0&-^↓& fragment has a periodicity o
five units of the average CuO2 chain along thec axis.13

Taking into account the hole-ordered structure determi
in the present work, we can conclude that the Cu21 ion
couples across Cu31 with next-nearest-neighbor Cu21 anti-
ferromagnetically to form the periodic structu
^ ↑ (Cu21)& - ^0(Cu31)& - ^↓(Cu21)& - ^0& - ^0& - ^↓(Cu21)&-
^0(Cu31)&-^↑(Cu21)&-^0&-^0& in the CuO2 chain.

As we can see from Fig. 15, the Cu31 between the Cu21

ions seems quite stable in the CuO2 chain. In other words,
the nonmagnetic ZR singlet in thê↑&-^0&-^↓& may be more
stable than the extended ZR singlet12 between^↑&-^0&-^↓&
dimers. Since the average valence of Cu in the modula
CuO2 chain is 2.55, the amount of holes in the CuO2 are
insufficient to distribute themselves to make the compl
sequence of -^Cu21&-^Cu31&-^Cu21&-^Cu31&-^Cu31&-,
where the extended ZR-singlet site, together with the Z
singlet site, is fully included. In spite of the fluctuation of th
BVS values at the extended ZR-singlet sites, the BVS
^Cu21&-^Cu31&-^Cu21& fragment is rather stable, especial
near the position of (x y z160). To see the hole-ordere
structure of the CuO2 chain in more detail, it is significant to
note that there is a correlation between the BVS value
Cu~1! and the O~1!-Cu~1!-O~1! bond angle in the CuO2

FIG. 16. Bond-valence sums and bond angles of Cu~1! in the
CuO2 chain in the three-dimensional physical space. The s
circles show hole-unoccupied Cu21 ~dimer! sites; the solid triangles
are fully hole-occupied~ZR-singlet! sites between the Cu21 sites;
the open triangles indicate partially hole-occupied~extended ZR-
singlet! sites between dimers.
22410
at

ily
se

te

at

d

d

e

-

f

f

chain~see Figs. 7 and 14!. The BVS value of Cu~1! increases
with decreasing the O~1!-Cu~1!-O~1! angle. As we can see
from Fig. 16, the bond angles of O-Cu-O at the ZR-sing
site and the extended ZR-singlet site are about 87° and
respectively, near the position of (x y z160). These are
much close to 90° than the bond angles of O-Cu-O at
Cu21 dimer sites in the CuO2 chain. The O-Cu-O angle in
the Cu21O4 unit extends to about 99°. Accordingly, w
can say that the CuO4 unit at the ZR-singlet site has
tendency to make rectangle in the CuO2 chain in
(Sr2Cu2O3)0.70CuO2. The rectangular CuO4 unit at the ZR-
singlet site in the CuO2 chain is analogous to the local CuO4
coordination in the CuO2 plane of high-Tc cuprates.

It is much important, subsequently, to determine the tw
dimensional configuration of the spin dimers in the plane
the CuO2 chains in (Sr2Cu2O3)0.70CuO2. We can estimate
the two-dimensional configuration of the spin dimers fro
the two-dimensional hole-ordered structure in the Cu2
plane in the modulated (Sr2Cu2O3)0.70CuO2. Therefore the
BVS calculations of Cu~1! at the site of (x1 1

2 y 2z1N) in
the neighboring CuO2 chain were performed in the sam
manner as the Cu~1! at (x y z1N). In the neighboring CuO2
chain also, as we can see from Fig. 17, the hole ordering w
^Cu21&-^Cu31&-^Cu21& arrangement is present with the p
riodicity of five units of the average CuO2. By considering
some fluctuation, however, thêCu21&-^Cu31&-^Cu21& ar-
rangement seems to be interrupted near the position ox
1 1

2 y 2z130). In this area, we can find the discommens
ration with hole ordering, that is, the change of t
^Cu21&-^Cu31&-^Cu21& arrangement. In addition, from th
absence of the nearest-neighbor Cu21 ions in the CuO2
chain, we can understand that it is impossible to make fe
magnetic interaction between the nearest-neighbor Cu sp
Thus it has become apparent that antiferromagnetic inte
tion between the next-nearest-neighbor Cu spins in
^↑(Cu21)&-^0(Cu31)&-^↓(Cu21)& dimer is predominant in
the CuO2 chain. By theoretical calculations, Mizunoet al.
indicated that the antiferromagnetic interaction between
next-nearest-neighbor Cu spins does not depend on the a
of the Cu-O-O-Cu path in the modulated CuO2 chain.35 Be-

d

FIG. 17. Bond-valence sums of Cu~1! in the neighboring CuO2
chain in the three-dimensional physical space. The solid circ
show hole-unoccupied Cu21 ~dimer! sites; the solid triangles are
fully hole-occupied~ZR-singlet! sites between the Cu21 sites; the
open triangles indicate partially hole-occupied~extended ZR-
singlet! sites between dimers.
8-12
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FIG. 18. The possible models of the two-dimensional hole-ordered CuO2 plane in (Sr2Cu2O3)0.70CuO2 . Our models@~a! and ~b!# are
obtained by the bond-valence sum method with the modulated structure analysis. Models~c! and ~d! are proposed by Regnaultet al. and
Matsudaet al., respectively, by the inelastic neutron-scattering method. In all models, effective antiferromagnetic interactions thro
quasistraight Cu-O-O-Cu paths between spin dimers in the neighboring CuO2 chains are drawn by gray-colored arrows. In our models of
hole-ordered structure, the antiferromagnetic interaction through quasistraight Cu-O-O-Cu paths between the dimers in the ne
CuO2 chains can be obtained most effectively.
224108-13
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cause of the discommensuration, two kinds of hole-orde
structures are possible in the modulated CuO2 plane
in (Sr2Cu2O3)0.70CuO2. Figures 18~a! and ~b! show
the two-dimensional hole-ordered structures in the Cu2
plane back and forth the discommensuration around
(x1 1

2 y 2z130), respectively. For comparison, other po
sible models of hole-ordered structure for the spin-dimeri
state proposed by Regnaultet al. and Matsudaet al. by in-
elastic neutron-scattering method14,15 are presented togethe
in Figs. 18~c! and ~d!. The essential difference among the
models is the mode of relative arrangements of the^↑&-^0&-
^↓& dimers between neighboring CuO2 chains. The most ap
propriate model of the two-dimensional configuration of t
magnetic dimers should contain the most effective interch
interaction between the neighboring CuO2 chains. As in the
case of (Sr0.057Ca1.943Cu2O3)0.701dCuO2,47 the interdimer
interaction between the neighboring CuO2 chains seems to
give the most important interchain interaction because
dimers contain almost all of the magnetic Cu21 ions in the
CuO2. In our models of the hole-ordered structure, the a
ferromagnetic interaction through quasistraight Cu-O-O-
paths between the dimers in the neighboring CuO2 chains
can be obtained most effectively@see Figs. 18~a! and~b!#. In
other models, the antiferromagnetic interaction seems to
weak or sparsely contained@see Figs. 18~c! and ~d!#. From
the theoretical consideration,35 the antiferromagnetic interac
tion through the quasistraight Cu-O-O-Cu paths between
CuO2 chains is caused by the overlap between the 3dx2

2y2 orbital of Cu and the 2ps orbital of O in the CuO2.
With the antiferromagnetic interaction between the neighb
ing CuO2 chains, further, we can assign the ferromagne
interdimer interaction in the CuO2 chain as^↑&-^0&-^↓&-^0&-
^0&-^↓&-^0&-^↑&. The resulting ferromagnetic interdimer inte
action in the chain is compatible with the experimental
sults by the inelastic neutron-scattering method.13–15 In this
way, the two-dimensional configuration of the spin dime
has been successfully obtained from the hole-ordered s
ture in the CuO2 plane, where the valence of the Cu atom
well controlled by the modulation of the O atom in the CuO2
chain in (Sr2Cu2O3)0.70CuO2. The hole-ordered structure i
,

H
ri

K
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the CuO2 plane in (Sr2Cu2O3)0.70CuO2 is much simpler than
that proposed in Ca-rich (Sr0.057Ca1.943Cu2O3)0.701dCuO2.47

The valence modulation and the hole-ordering behavior
the CuO2 chain in the Ca-rich Sr142xCaxCu24O41 compounds
seem to show more complicated features because of the
atom modulated together with the O atom in the CuO2 chain.

IV. SUMMARY

In the present study, the modulated composite structur
(Sr2Cu2O3)0.70CuO2, ‘‘Sr14Cu24O41,’’ with the two-legged
Cu2O3 ladder and the one-dimensional CuO2 chains has been
investigated at room temperature by the use of correct c
trosymmetric (311)-dimensional superspace group. In t
modulated composite structure of (Sr2Cu2O3)0.70CuO2, dis-
placive modulation of the O atom in the CuO2 chain is fairly
large. By the large modulation of the O atom, almost all
the holes are prepared in the CuO2 chain. Considering the
modulation of bond angles, it has been found that the Cu
bond in the CuO2 is tilting toward the Cu2O3 ladder in order
that the O in the CuO2 chain acts as apical oxygen for th
CuO4 square in the Cu2O3 ladder. The BVS calculation ha
indicated that the valence of Cu atom in the Cu2O3 ladder is
12.04, where about 0.03 holes are certainly transferred fr
the CuO2 chain through the modulated O atom in the CuO2.
The Cu atoms in the hole-doped CuO2 chain have been
proved to form the hole-ordered structure with the ne
nearest-neighbor Cu21 ions separated by the Cu31 ion on the
ZR-singlet site. The periodicity of the hole-ordered CuO2
chain along thec axis is five times that of the average CuO2
lattice, which is compatible with the spin-dimerized state
low temperature. The new model of the two-dimension
hole-ordered structure in the CuO2 plane has been obtaine
by the BVS method. Furthermore, the two-dimensional c
figuration of the spin dimers has been successfully deri
from the hole-ordered structure in the CuO2 plane. We can
conclude that the role of the modulation of the O atom in
CuO2 chain is to prepare and distribute holes in the CuO2,
that is, to control the valence of Cu atoms both in the Cu2O3
ladder and in the CuO2 chain in (Sr2Cu2O3)0.70CuO2.
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