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Modulated structure of incommensurate composite crystaglqe0s) ¢ ,dCuUG,, “Sr1.C4041,” has been
investigated by single-crystal x-ray-diffraction method using centrosymmetricl(3dimensional superspace
group. In (SyCuw,03) ,LCUG;, displacive modulation of O atom in the CyGhain is fairly large. Considering
the modulation of bond angles, it has been found that the Cu-O bond in the € is tilting toward the
Cu,0; ladder in order that the O atom in the chain plays as apical oxygen for the &y@re in the ladder.

The bond-valence suifBVS) method has been applied to investigate the hole distribution in the modulated
structure of (SCU,03)07LCUO,. It is indicated that the valence of Cu atom in the,Og ladder is+2.04,
where about 0.03 holes are certainly transferred from the,Gif@ain through the modulated O atom in the
CuG,. The BVS calculation has demonstrated that almost all of the holes are prepared in theh@irOby

the large modulation of the Cu-O bond. Cu atoms in the modulated, @h@n have been proved to form
hole-ordered structure with next-nearest-neighbot'Gons separated by €t ion on the Zhang-Rice singlet

site. The periodicity of the hole-ordered structure is five times of the average l@tifde 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 Gyilane 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 Cylane. It has been concluded that the valences of Cu atoms both in @3 Cu
ladder and in the Cufchain are well controlled by the modulated O atom in the Calain.
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. INTRODUCTION Sr4 «(Ca, La, Y),Cw0O,  should be  expressed
as (SsCW03) 0. 78CUOG, and (Sp_4(Ca, La,
Since theoretical prediction that theS=3 one- V) Cu,04)q70:sCUO,, respectively, because they are called
dimensional antiferromagnetic Heisenberg chains shouldomposite crystal with two interpenetrating layered
form a spin liquid state and have a spin gap in even-leggedubstructured.in (Sr,Cu,03)07dCUO,, one of the substruc-
ladder structure was proposkflmuch attention has been tyres is the SICu,0, lattice and the other is the Cy®@ne.
paid to so-called spin-ladder compounds. Especially th@y x-ray structure analysis of average substructures, McCar-
Sna-x(Ca, La, Y)CWp Oy series with two-legged GO3  ron etal. have clarified that (SEW03)07dCUO,,
ladder and one-dimensional CpGhain has been studied in «sr, ,Cu,,0,;,” is composed of the C405 planes with two-
detail by such measurement as resistivity, optical conductiviegged ladders and the planes of edge-shared,@i@ins,
ity, magnetic susceptibility, neutron scattering, and NRIR, alternately stacke®lIn (Sr,Cu,03)07dCUO,, the CyO5 lad-
because there is another theoretical prediction that the spifters and the CuQchains are separated by a sheet of Sr
ladder compounds with even-numbered leg may show supeftoms in the SICu,0; substructure. The SEu,0; substruc-
conductivity under appropriate hole dopih. In the  tyre and the Cugsubstructure are mutually incommensurate
Stia-x(Ca, La, Y)CUpOuy, ShsxC8LU4O4 Series form  phecause the ratio of the in-plane lattice constants of the av-
a self-doped system, because the formal valence of Cu Srage substructures along the leg of,Oy ladder and the
+2.25. Substitution of Ca for Sr shows chemical pressurghain of the Cu@is irrational. Because of the mutual incom-
effect with lattice shrinkage and promotes hole transfer frommensurability, it can be expected that the structural modula-
the CuQ chain to the CpO; ladder. At low temperature tions between the substructures occur.
below 15 K, superconductivity has been attained under high Recently, Matsudzet al. have reported that the CyO
pressure in the % ,CaCuw,04 series such as chain in (SpCu,03)q7dCUO, shows spin-gap behavior ac-
Sr, Cay; £CUp041 and Sp ,Cays ClhyOuyp.>° companied by the formation of spin-dimerized state at low
The ternary Sr,Cu,,04; is well known as the parent temperature below 85 R.After their unexpected finding,
material of the Sy (Ca, La, Y)XCw.O,; series. In there have been arguments about the structure and the peri-
the crystallographic point of view, $Cu,,0,; and odicity of the spin dimer in the CufO chain in
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(SKLCW03) 0 76Cu0,. 1% It is worth noting that Takigawa that the effect of lattice modulation on the Cu®hain is
et al, by %%Cu NMR/NQR measurements, have successconsiderably large and should not be ignored in the structure
fully distinguished magnetic Gii ions from nonmagnetic analysis. Subsequently, Uket al. have reported the modu-
Cu®*, which form the so-called Zhang-Rice singtétThey lated structure analysis of (£u,05),7dCUO, with the use
have indicated that the dimer with of (3+1)-dimensional superspace-group symmétryin
(1(C?*))-(0(Cu?"))-(| (C?™)) spin fragment is formed their modulated structure analysis, the acentric superspace
in the CuQ chain in (SpCu,03)7CUG,. By inelastic  group A2;ma(01y)0s0, for both substructures was em-
neutron-scattering method, Ecclestenal. have revealed ployed. According to their results, the distances between Sr
that the spin dimer witH1)-(0)-(]) has a periodicity of five inthe SpCu,O5 substructure and O in the CyGubstructure
units of the average structure of the Gu€hain!®> On the range from 1.95 to 2.87 fsee Fig. 4b)]. In their model with
basis of the periodicity of the spin dimer in one Guéhain, the acentric superspace group, the minimum distance be-
Regnaultet al. and Matsudeet al. have independently pro- tween Sr and O in the Cyhain is too short and the modu-
posed the two-dimensional models of the magnetic orderingation amplitudes of the Sr-O distances are too large. Thus
in the plane of the CuQchainst*'°An essential difference far there have been presented no models of the modulated
between their models is the mode of relative arrangements aftructure of pure (S€Ww03)q7,LCUO, that show the struc-
the (1)-(0)-(|) dimers between neighboring Cy®@hains. At  tural interaction between the substructures quite satisfacto-
present therefore the two-dimensional configuration of theily.
spin dimers in the Cu@plane in (S§Cu,03) 7CUO, seems On the other side, Jenset al. have demonstrated with
to be unsettled. impurities-mixed samples that the superspace group
On the other hand, by means of electrical resistivity meaof  (Sr gBig ol O3)07LCUD,  “Sri34Bio5eCWa041,”
surement, Carteet al. have suggested that charge-orderingis centrosymmetric, which is different from the acen-
behavior is caused by excess holes located on the,CuQric one of Ca-rich (S505£a 04l O3)g70+sCUO,,
chain in (SpCu,03)07dCUO, around 250 K After their  “Sr Cayz ClpsO4;.” 222% According to Kato et al. and
attractive work, there also have been controversies about thdatsudaet al., more remarkable is that the spin gap in the
periodicity of hole-ordered structure. By using the x-ray dif- CuO, chain in (SpCu,053) ¢ 7¢CUG; is surprisingly depressed
fraction method, Coet al. have observed weak satellite re- when a small amount of Y ion is substituted for Sr and dis-
flections along ODscan at 50 K. They claimed that the sat- appear completely in ($ggY 0.14CUW0s) 0. 76U, .242° More-
ellite reflections are brought about by the charge-orderingver, electrical resistivity in the GO ladder part increases
effect in the Cu@ chain because the intensity of the satelliteswith the substituted Y ion®?®These behaviors show that the
decreases with increasing temperature. Successively, Fukugigoperties of pure ($€u,03),,dCUO, are very sensitive to
et al. also observed the satellites at low temperature. Coxhe impurities. This is also pointed out in the electronic phase
et al. and Fukudaet al. have proposed that the periodic diagram of the [Sr_,(Ca, La, Y)CW,03]070+sCUD,,
length of the hole-ordered CyChain along the crystallo- “Sr,, ,(Ca, La, Y),Cu,/O,," series?’ In the impurity-
graphicc axis is approximately four and five times, respec-substituted (SICu,03),7dCuUO,, considerable amounts of
tively, as long as that of the average Gufattice!’*®The  holes seem to be redistributed drastically accompanied by
apparent discrepancy between their results seems to coniiee change of the structural modulation. It seems easily
from the fact that the number of x-ray data with onlyl 00 realized that the structural modulation between the substruc-
reflections is insufficient to refine the structure parameters ofures and the resulting hole distribution are important
the CuQ chain. In both cases, the mutual lattice modulationsfactors in occurrence of the physical properties of
between the CiD; ladder and the Cufchain have been (Sr,Cu,03)q7dCUG,. Actually, by optical measurement, it
ignored. Consequently, well-refined model of the hole-has been suggested that a small number of holes are possibly
ordered structure including the effect of structural modulatransferred  between the  substructures in  the
tion in the CuQ chain has not been proposed at all. The(Sr,Cu,05) 0 76CuU0, .28
more reliable model of the hole-ordered structure, which is Taking into account the introduction mentioned above, it
indispensable for the spin-dimerization in the Gu& low  is very important to investigate the modulated structure of
temperature, should be obtained from the modulated strugure (SyCu,03), 7dCUO,, which is free from the chemical
ture of (SpCW,03) ¢ 7LCUG;. pressure effect with Ca doping, to understand the mechanism
The modulated structure of (£2u,03),,0CUG; is a qua-  of the hole transfer and the hole distribution. The hole dis-
siperiodic system with one-dimensional lattice modulationsribution in the modulated structure enables us to obtain
in both substructures. Therefore it can be closely describethore reliable model of the hole-ordered structure in the
by the use of (31)-dimensional superspace-group CuQ, plane of (SyCu,03)0.7,dCUG,. In particular, to see the
symmetry**?In the conventional structure analysis by Mc- effect of the structural modulation on the hole ordering, it is
Carron et al,® however, the presumed centrosymmtericimportant to study the modulated structure of
space groups, namelmmmfor the SpCu,05 substructure  (Sr,Cu,03)4 7dCUO, at room temperature, where the charge-
and Ammafor the CuQ one, do not meet the condition of ordering effect is absent. Furthermore, the hole-ordered
the symmetry of (31)-dimensional superspace groups structure seems to give the clue to the spin-dimerized
well. In addition, after their structure refinement of the GuO state of the Cu@ chains. In the present work therefore
part, theR value was 0.129. The rather higtvalue suggests we have investigated the symmetry and the modulated
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structure of mutually incommensurate composite crystal, ll. RESULTS AND DISCUSSION
(grzciuzga)o_7oQUQl, “Sr14ClyOs," DY Ttr:]e busz Olf A. Superspace-group description and structure refinement of
(3+1)-dimensional superspace group. e bond-valence (S1,CU,03) 4 7CUO,

sum (BVS) method considering the modulated composite ) i )
structure has been applied to investigate the hole distribution, 1N€ lattice constants of the incommensurate basic struc-

the hole-ordered structure, and the role of the atomic modull™® Of = (SECL,03)0.,fCUC, are determined asa
ation i (SECULO.) 1CUO. —11.47948), b=13.4060(10), c;=2.7519(19), andc,

=3.9341(9) A and the incommensurability between the av-
erage substructures are expressedsas(00vy) where y
=c3/ci =c,/c,=0.699. Therefore the accurate chemical
composition of the so-called §€u,,04; should be de-
Single composite crystals of (Su,03),7dCuUO, were  scribed from the detailed formula of (Eu,03)0 7/CUO, as
grown by the traveling solvent floating zofiESF2) method. ~ Sf4.dCU4O410- The chemical composition of §CU,041
A single composite crystal of (SEu,03),76CUO, with di-  Was discussed by Hirait al. by the use of electron diffrac-
mensions about 0:30.2x 0.04 mn? was used for the struc- tion method:' They have suggested that oxygen nonstoichi-
ture analysis. The composite diffraction patterns of0Metry is possible in $iCuy,0,, and expressed its chemical
(SKLCW,05) 7CUO, were identified by x-ray precession COMPOSItion as S§CL O,y 5. Although they have esti-
method with MK o radiation A =0.71073 A). In the pro- m_atgd that .th@ ranges from—O.? to0 0.9, positive .values of
cedure of the camera technique, Imaging pl@&S UR 5 S is impossible from our view about the composite structure
X 5in. type, Fuji Photo Film Co., Ltdl.was used to detect gftgir%ibh%ﬁohzfggféh% rf;ftéorggjfsbzgv\?s\?;mg’ Cﬁvﬁg .
the weak satellite reflections of composite structure o Y9 y ) '

. . stoichiometry is not appreciated in our following modulated
(SKLCW,03) 7LCUG, . The x-ray-diffraction data of both sub- structure analysis.

structures were collected together with common reflections The one-dimensionally modulated structure of composite
at room temperature using a Rigaku AFC5 diffractometercrysta| (S5CU,04)07CUO, can be described by the use
(MoK« radiation). The lattice constants of both average sub-of (34 1)-dimensional superspace group symmetry. The
structures were refined by least-squares method using 39 rgasis §,,s,,s5,5,) of (SLCW,03)07CUO, in (3+1)-
flections including eight common ones in the range<2®  dimensional superspace are related to the basis
<30°. The lattice constants of orthorhombic average SUb(aV ,b,,c,,d,) of the vth substructure by the transformation
structures of (SICW,05)07CUO, were refined asa P’ as

=11.47948), b=13.4060(10), andc=3.9341(9) A for

the SECu,O; part anda=11.4765(13),b=13.4067(12), (a,,b,,c,,d,)=(s1,52,53,54) P", (1)
and c=2.7519(19) A for the Cu@one. These values are \here

more accurate than those obtained by Ukeal.,?* which

Il. EXPERIMENT

suggests that the quality of our sample is more appro- 1000 10 O 0
priate for structure analysis. The composition of 0 1 0 O 0O 1 O 0

i i pl= and P2=
(SrZCUZQ3)O_7(puOZ was determined from the ratio of cell 00 10 0 0 1y —(ily)
dimensions of each average substructure. In our data collec-
tions, 1346 reflections were measuredds26 scan mode in 0 0 vy 1 0 0 1 0

the range 3<20<60° and 448 unique reflections witk | 2
>30(|F,|) were considered to be observed ones. Lorenthe basesd,,b,,c,) in (a,,b,,c,,d,) are equivalent to
polarization corrections and absorption corrections werghose of average substructures in three-dimensional physical
applied to all of the collected reflections. All of the calcula- space.

tions for the structure refinement of the modulated If we takeA-centered lattices in the orthorhombic system
(SLCWw,03) 0 7dCUO, were carried out using a computer pro- for both substructures, all of the x-ray reflections of
gram system for the refinement of composite crystal struc{SrLCu,053),7dCUO, observed are indexed with four integer
tures, FMLSM?® In our calculations, neutral atomic scatter- indices(hklm) as

ing factors were taken from Cromer and Mafiinomalous N . «
dispersion factors used throughout this procedure are those H=ha"+kb*+lc1+mc , )
given by Cromer and Liebermai The interatomic distances where the set ofhkI0} corresponds to reflections from the
and bond angles were calculated by using the program foCuQ, substructure and thghkOm! are from the SICu,O4

the analysis of chemical bonds, BONDL, in the FMLSM and substructure. The former and the latter correspond to the sat-
the program to plot modulation functions, MODPLT, in a ellite reflections withith and mth order for the SICu,05
computer program for the refinement of modulated strucsubstructure and the CyGsubstructure, respectively. The
tures, REMOS® The modulated structure of {hkOG} is common reflections which precisely prove that
(SLCW03) o 7CUO, was drawn by the use of the program (SrLCuw,03),LCUO, forms a composite crystal structure.
for parallel and perspective projections of modulated struc-The {hkim} with Im#0 is the intrinsic satellite reflections
tures, PRIMS, in the REMOS. indicating the mutual lattice modulations between the sub-
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coordinate (1, U,, Uz, U,) of four-dimensional structure in
(3+1)-dimensional superspace as

(XV' Yo: Zy, t):(ul! uz, U3, u4)[(PV)7l]Tv (4)

wheret is the internal parameter in (81)-dimensional su-
perspace.

The modulated composite structure of
(SKLCW,03)q 7LUG, was refined with 448 unique data. At
first, unmodulated incommensurate basic structure was re-
fined with isotropic temperature factors for all atoms. At this
stage R andR,, values are 0.102 and 0.105, respectively and
Bis,. Of O(1) atom in the Cu@ chain is 2.61 & which is
rather larger than those of(2) (Bis,=0.45 A?) and Q3)
(Biso=0.75 A?) in the CyO; ladder. The large value &,
of O(1) suggests that displacive modulation oflipatom is
fairly large in the Cu@ chain. In the second step, we have

FIG. 1. The composite KIm diffraction pattern of adopted the structure model with first-order waves of the
(SRCW03)0.7CUG,, “Sr14ClyyO41," Observed by x-ray photo- displacive modulation for all atomic positions. With har-
graph. monic modulation function, the atomic position in thth
substructure is expressed as

structures. The reflection conditions of acentric (Xys Yo Z,, 1)=r,0+3{a,cog27kP (1 0,1)7]
A2,ma(01y)0s0 assumed for (SCu,O3) ¢ 7dCUO, by Ukei ) ) T

et al. arek+1+m=2n for hkim and m=2n for hOlm. In +bysif27kP(r ,0,t) "1}, 5
addition, as the x-ray precession photograph ofwherer,o=(x,,y,, z,)o is the atomic position of theth
(Sr,Cuw,03) 0 78CUG, in Fig. 1 shows, we have observed an- average structure arldis the modulation wave vectors. The
other condition for the satellitekdm asm=2n. This leads refinement Converge_d to ER_lvaIue of 0.058 and aR,, value

to the centrosymmetric superspace groups for both substruef 0.069, where anisotropic temperature factors were used
tures of (SsCu,03)07CUO, as Amme01y)ssO for the for the atoms other than (@). At this stage, the equivalent

Cuo2 part andAccdo_‘Lfy) for the S&Cuzos part where thermal paramet@eq_Of O(l) was 1.45 /& In the final step
Acca is obtained fromAbma by shifting the origin as ©f the structure refinement, the effect of the second order of

(0 1 1). The convergent beam electron diffracti¢é@BED) all of the atomic modulation functions was checked. It has
en revealed that the second-order modulations for Sr in the
,Cw,0; and A1) in the CuQ are significant in our final
odel of the modulated structure of (81,03)g7dCUO,.

method has also clarified the presence of center of symmet
for both substructure¥. The CBED observation has shown
that the point-group symmetry of both average substructure.

is not 2mm but mmm Thus the generators of the symmetry he refined atomic parameters are listed in Table I, where the
operations of the superspace groups employed arg vz_ilu_e converged t0 0.054 _and_ tRg, valu_e was 0.067. The
Statistical value of AlIC(akaike information criterionwas

(04]3,0,03), (02]0,0,03), (1]0,0,0,0), and E[0,5,3). 270233 In Table I, several Fourier coefficients of the modu-
The symmetry operations for superspace groups Ofation function are fixed at O by considering the site symme-
(SKLCW,03)7fCUG, have turned out to be equivalent to try of each atom in the average substructures. The thermal
those for  Ammg001+ y)ss1 of Bi-doped parameters are presented bj., which is equivalent to
(Sr.oBig 0Ch03)0.7dCUO, . 2% As Kato et al. and Matsuda  Beg/872. It should noted that the thermal parametgy, of
etal. claimed, we must be reminded that even a smallO(1) has been reduced to 1.03 /& the modulated structure.
amount of trivalent ion substituted As we can see from Table I, the number of independent
for Sr in the SyCu,O; substructure greatly affect the atoms has been decreased from nine in the acentric model to
structural  feature Zggd charge distribution of pureSix in our centrosymmetric structure.
(SKLCW0O3) g 7LLUO, .“">Here, we can predict that the sym-
metry of (SECu,03), 7dCUO, is unchanged by substituting a B. Modulated structure of (Sr,Cu;03)0.7dCUO,
small amount of Bi, Y, or La for Sr. It should be also empha-  With the atomic parameters listed in Table I, the modu-
sized that the structural modulations of §St,03) ¢ 7dCUG;, lated structure of (S€W03) 7{CUG, is drawn in Fig. 2. In
“Sr14C40y4,,” are quite different from those of the Ca-rich Fig. 3, the displacements of all of the independent atoms
compounds such as (ECa gaLW03)0 .70+ sCUG, along each crystallographic axis are calculated in the internal
“Sr4Cays 04" 2 Distinct from the centrosym- t space in (3-1)-dimensional superspace. Here we must
metric superspace groups for the substructures imote that the displacement of Qiin the CuQ substructure
(SLCw03)07CUG,, the acentric superspace groupsare absent because the first order of the displacive modula-
F222(11y) are employed for both substructures in tion for Cul) is fixed at 0 by the symmetrical constraint. In
(Sry.05€C8 94LW03) g 70+ sCUO, . our refinement, the second order of the modulation has not
In the modulated structure analysis, each atomic positiomeen adopted for Qi) because it has brought about no im-
(%, Y,, z,, t) in the vth substructure are obtained from the provements in the values & R,,, and AIC. On the whole,
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TABLE |I. Atomic parameters of the modulated structure of,(83503).69fCUO, “Sr14CU4O0,4,” With estimated standard deviations in
parentheses. Average positions and modulation amplitudes are represented by fractional coordinates and A, respectively. The structure is
refined in the superspace group symmeinmypmg01y)ss0: Acca0ly). The modulation parameteeg and b, are the cosine and sine
amplitudes of the Fourier series of the modulation function, wikdsethe modulation vector.

Atom Occupancy X y z 100(Ugq)
Cud)

Average 0.25 0.25 0.5 0.378 1.268)
An001 0.0 0.0 0.0 0.0 0.0
Booor 0.0 0.0 0.0 0.0 0.0
o)

Average 0.5 0.138) 0.5 0.8787) 1.3(7)
0001 0.0 0.0 —0.088) 0.0 0.0
Pooo1 0.0 0.0 -0.292) 0.0 0.0
Q0002 0.0 —0.01(4) 0.0 0.1411) 0.0
bogoz 0.0 —0.086) 0.0 -0.062) 0.0
Sr

Average 0.5 0.5 0.378%) 0.25 0.796)
A0010 0.0 0.0 —0.0406) 0.0 0.0
Boo1o 0.0 -0.0286) 0.0 0.1067) 0.0
A0020 0.0 0.0 —-0.052) 0.0 0.0
booz20 0.0 —0.0246) 0.0 0.00011) 0.0
Cu2)

Average 0.5 0.3342) 0.25 0.7444) 0.708)
0010 0.0 0.0 —0.02112 0.0 0.0
boo1o 0.0 0.0 —0.05512) 0.0 0.0
0(2)

Average 0.5 0.169) 0.25 0.761) 0.1(3)2
A0010 0.0 0.0 —-0.125) 0.0 0.0
boo1o 0.0 0.0 0.115) 0.0 0.0
0(3)

Average 0.25 0.5 0.25 0.75 77
Q0010 0.0 0.0 —0.125) 0.0 0.0
boo10 0.0 0.0 0.0 0.0 0.0

dsotropic temperature factor.

as we can see from Fig. 3, the modulation amplitude be-
comes large along the, ¢, and b axis in that order. The
modulation amplitudes along thee axis are slight, because
both average substructures have equivalent lattice dimension
and do not interpenetrate with each other alongateis.
The amplitudes along theaxis are larger, because the GuO
substructure and the £2u,O5 substructure are mutually in-
commensurate along theaxis. Since the mutually incom-
mensurate substructures are stacked alternately alonly the
axis, the modulation amplitudes along theaxis are most
important. We can confirm that these features are also valid
in the Bi-doped (SroBig 0dCUW05) o 7dCUO, .22 However, the
differences of the atomic modulation amplitude between
(SCW03)07,CUO, and  (Sk gBig.0eCl05)0.7CUC, are
appreciable for O atoms. In particular, the difference of the
modulation amplitude of the O atom in the CuGhain is
estimated to be more than 0.05 A in all axes. Thus the sig-

FIG. 2. Mutually incommensurate modulated structure ofNificant difference in the mode of the modulation of the O
(SKLCW03) 0 7dCUO,, “Sr,Cu,,0,;." Small solid circles denote atom seems to affect the distribution of holes in the guO
Cu atoms; mediuntdark gray-coloreyicircles represent Sr atoms; chain  which  control the physical properties of
large (light gray-coloredl circles are O atoms. (SrZCuzO?,)OJOCuOZ.10'24‘27
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cive modulations of Cu, Sr, and O become large in that order.
Besides the modulation of O atoms, the modulation of the Sr
atom is large enough and effective for the stacking of both

substructures. The bond formation between the Sr atom and FIG. 4. Sr-O distances in the modulated structure of
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O atoms in the C405 ladder and the Cugchain seems to be  (S2C03)o.7dCUO; With centrosymmetri¢a) and acentrigb) su-

indispensable in stabilizing the modulated composite strucPerspace groups. The solid lines denote Sr-O distances in the
ture of (SECU,05)07CUO,, because the sheet of the Sr Sr,Cu,O; substructure; the dotted and dashed lines represent Sr-O
atom is situated between the planes of the@uladder and

the CuQ chain. Thus to reveal the structural stability of the
modulated (SICu,03)7,CUO,, we have calculated all of

the Sr-O lengths for both centrosymmetric and acentric modlarger than those of our results. As we can see from the
els in Figs. 4a) and (b), respectively. The interatomic dis- present comparison, the smaller amplitude of the bondings at
the interface between the substructures should be obtained in
a more stable and appropriate structure model. Moreover,

tances between Sr and D in the CuQ calculated with our
centrosymmetric superspace groups, thahimmg01y)s0
for the CuQ substructure anécca(0ly) for the SpCu,O4
substructure, range from 2.4) A att=0.49 to 2.575) A at
t=0.28, wherd is expressed as= — yus+u,. They should

distances between the ,8,0; substructure and the CyGub-
structure.

modulation amplitudes of the Sr-O lengths in the@04

in the centrosymmetric model are smaller than those in the
acentric one. In our model, as a result, all of the Sr-O lengths
be compared with those of the structure model with acentrishow appropriate values and their modulation amplitudes are

superspace groupy2;ma(01y)0s0, which was proposed by suppressed less than about 0.3 A.

Ukei et al. According to their resultd! the interatomic dis-
tances between Sr and O in the Gufange from 1.95 to

In Fig. 5, Cu-O bonds

in the GO; ladder in

(SKLCW,03) g 7LCUG, are illustrated. All of the modulation
2.87 A, and hence their modulation amplitudes are muctamplitudes of the Cu-O bonds in the £ ladder are less
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208 T T T T ] [Cu(2)0O(2)], square between the two-legged ladders is
206k ] slightly rugged. With these structural features, the,@u
ladder in (S5Cu,O3) ¢ 7,dCUO, forms a low-dimensional elec-
tron system, where a charge-density wave develops in the

204p——————

2.02¢ ] ladder below 250 K*

2.00¢ ] In contrast to the CiD; ladder, the effect of structural
198 1 modulation on the Cu® chain is enormous in
1.96 | ] (SKLCW03) o 7LCUO, (see Fig. 2 The occurrence of the large
1.94F ] modulation in the Cu® chain seems a common feature in
1.92F ] the (St xCaCl05)0.70+ sCUO,, “Sri4-CECUO4y,” SE-

1.90% ries. In the Ca rich compounds such as

Lssl i (STo.05C3 04T 03) 070+ sCUD,, 2% both Cu and O atoms in
1861 ] the CuQ modulate independently. However, in
' T (SKLCW,03) 7LUG,, only the O atom is modulated in the
00 0.1 02 03 04 05 06 07 CuG; chain and the displacement of Cu is fixed at 0 by the
t symmetrical reason as mentioned before. We must realize
FIG. 5. Cu-O distances in the @D, ladder in thatthe site symmetries of Cu and O atoms inAheentered
(S1,CW,03) 0 7dCUO, . CuG, in (SLCW03)7LCUO, with centrosymmetric super-
space groups are quite different from those infheentered
than 0.02 A. Compared with the weak modulation inCuQ, in (Siygs5Ca 04U 0O3) 070+ sCUO, With acentric su-
the CyO; ladder in (S§Cu,053)q7,CUG,, the magnitudes perspace groups.
of the modulation in the CuD; ladder in Ca-rich On account of the large thermal fac®g, (=2.61 A?) of
(Sr,_4Ca,Cw,03) .70+ sCUO, compounds are appreciable. O(1) in the average structure of (Bu,03)0,4CuUG;, the
From the preliminary results using the polycrys- modulation of O atom in the CuQchain was presumed to be
talline sample, the maximum modulation amplitude fairly large. By applying the modulation functions in E&)
of the Cu-O bonds in the GO; ladder in to the average substructure of the GuGhe reliability fac-
(Srg.05€C81.94LW03) g 70+ sCUO,, “Sro.4Ca 3 CsO41," tors have been successfully reduced froR/R,,
amounts to about 0.1& Thus in the =0.157/0.194 toR/R,,=0.066/0.076 withhkIlO (1#0) re-
(Sr,_,CaCu,05) 0701 sSCUO, series, we can expect that the flections. The modulated Cu-O bonds in the Guthain in
effect of structural modulation on the gD, ladder becomes (SLCw,03)q7fCUO, are calculated in Fig. 6. In the CyO
weak with decreasing the substitution of the Ca atom for thechain, the Cu(1x, y, z)-O(1;x, y, z) bond varies from
Sr atom. It should be noted that all of the atomic displace-1.828) A at t=0.147 to 2.008) A at t=0.389 and the
ments in the CpO; in (SLCW,03),7dCUC, are confined Cu(lx,y, z)-O(1x, y, z—1) bond varies from 1.7Z) A
along the stacking direction, because x@ndz elements of att=0.019 to 2.087) A at t=0.272. The maximum modu-
the modulation functions for GR), O(2), and 43) are fixed lation amplitude of the Cu-O bonds in the Cu€hain thus
at 0 by the symmetrical constraifsee Table | and Fig.)3To  amounts to about 0.3 A, which is considerably larger than the
evaluate the flatness of the two-legged,Oy ladder in  amplitude about 0.02 A obtained for the Cu-O bonds in the
(SLCW03) 0 7LCUO,, then, the angles betweea plane and Cu,O; ladder. Because of the large amplitude of the
the selected bonds in the gy ladder are calculated. As we Cu-O bonds caused by the modulated1Oatom, hole
can see from Table Il, the two-legged ladder bends less thamodulation is expected to occur in the Cu@hain. In
about 4° along thec axis, while the alignment of the Fig. 7, the bond angles of O-Cu-O and Cu-O-Cu in the

Cu-O distances in the Cu,0O, ladder (A)

TABLE II. The minimum and maximum values of the anglgeg) betweenac plane and the selected bonds in the,Gyladder in
(Sr,Cw,03) 78CUO, with estimated standard deviations in parentheses. Correspondgalge in (3+1)-dimensional superspace is also
presented.

Atoms and symmetry codes Minimum t value Maximum t value

Along the leg within two-legged ladder

Cu(2x,y, 2)-0(2;—-x+3,y, z+3) 1.06) 0.13 3.39) 0.31
Cu(2x,y, 2-Cu(2x, y, z+1) 0.012 0.06 1.74) 0.24
Along the rung within two-legged ladder

Cu(2;x, Yy, 2-0(3x, Y, 2) 0.7(5) 0.28 3.613) 0.11
Cu(2x, y, 2)-Cu(2x+1,y, 2) 0.75) 0.05 1.84) 0.23

Between two-legged ladders
Cu(2x,y, 2-0(2;x, Y, 2) 2.2(15) 0.00 6.415) 0.17
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FIG. 6. Cu-O distances in the CygO chain in t

(SKLCW035) 0 7CUG, .
FIG. 8. Bond valences of Cu-Q@lotted line$ and bond-valence
sum (solid line of Cu within the CyO; ladder in

Cu chain are calculated. Along thec axis, the
OZ g (SCWL03) 0 7LCUC, .

O(1:x,y, 2-Cu(1x,y, 2-O(1x,y, z—1) angle varies
from 86.9° at t=0.07 to 100.4° att=0.32 and the

. ) . ] ) ; that holes are self-doped in (81U,03)( ;,CUO,. From the
Cu(1x, y, 2)-0(1x, y, 2)-Cu(1x, y, z+1) angle varies modulated composite structure analysis in the present studly,

from 89.4° att=0.02 to 96.6° at=0.26. On account of the . LT )
ununiform distribution of holes are expected in

large displacement of @) atom, the modulation of the : L

O-Cu-O bond angle is larger than that of the Cu-O-Cu angIeg?éz;:'6'?]23)&-\7/%?;%\}“3:”;;5%tsr:teers t;gég%gggl?g;%
As we can see from Fig. 7, the Cu-O-Cu angle is mOStchaIculatio% is one of the most effe’ctive methods to estimate
under 96°. Mizuncet al. theoretically predicted that the ex-

37 . .
change interaction between the nearest-neighbdr Gons local valences of Cu atoni§:3" By the BVS calculation with

in the edge shared Cy@hain turns out to be ferromagnetic g?[eal a;[?é?ngetejl:gsgsliﬁ;u;% Sth?af nfggﬁ]o\f;fgggg%’ Cl}jitt?)m in
if the Cu-O-Cu angle is below about 9%°.Thus if the ' P

. o . . each substructur®. However, to understand the charge
nearest-neighbor Cui ions existed in all over the CuO

: . transfer between the substructures and the effect of lattice
chain, ferromagnetic features could be observed at low tem- .
modulation exactly, we need to calculate the bond valences

perature in (SCL;05)0.7dCUC; of the modulated Cu-O bonds in (84,05) o ,¢CuO,. In the
case of the modulated structure of composite crystal, the
C. Hole distribution in the modulated (Sr,Cu,03) ¢ 7dCUO, BVS of theith atom in theuth substructurev; ,(t) is de-
From the chemical composition of (&u,03)q ;dCUO,, scribed as
it is evident that the formal valence of Cu aton+i®.25 and Vi (=38, 1, (=33 exd{ro—ri,;,(t.9)}/B],

wheres;, j,(t) andr;, ;,(t,g) are the bond valence and the
interatomic distance between tht atom in theuth sub-
structure and thgth atom in theith substructure, respec-

104} 1104
102+ 1102

tor 7100 tively. The g is the symmetry operation of thigh atom in
98 198 (3+1)-dimensional superspace. The consiigt set as 0.37
961 196 and the parameter, of theith atom depends on its valence.
94 L 194 Ther, of C?" selected from reference by Browet al. is
92 {92 1.679%°

By taking into account the four Cu-O bonds within the
Cu, 05 ladder, the BVS of C) is calculated in the space,
as illustrated in Fig. 8. Because of the small modulation am-
plitudes of the Cu-O lengths, the BVS of Quis quite uni-
form in the ladder. The average BVS value of(@uis 2.01,
and accordingly C{2) seems to be almost undoped within
the ladder plane of the G@;. The angle-resolved photo-
emission spectroscopfARPES experiment has also indi-

FIG. 7. O-Cu-O and Cu-O-Cu bond angles in the GeBain in ~ cated that the Cu atom in the €D ladder is substantially
(SKL,CW03) 0 7dCUO,. undoped'® By neglecting the structural modulation, the elec-

9ol ./ 90
88 188
86 186
84| 184

O-Cu-O bond angle in the CuO, chain (deg.)
(8ap) ureydp ‘pny oy ut [Sue puoq nH--n)

00 02 04 06 08 1.0
t
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FIG. 10. Interatomic distances of Cu-O between the substruc-
tures. The solid lines denote distances betweef2)dn the Cy04
and 1) in the CuQ; the dashed lines represent distances between

. . . . . . Cu(1) in the Cu@ and Q2) in the leg of the CyOs3; the dotted
tronic structure calculation with local-density approximation ;o< - e distances between (@Lin the CuQ and G3) in the rung

method has obtained that the valence ofZLin the ladder of the CyOs.
is 1.97%! On the whole, these quite similar results suggest

that the weak modulation developed within the ladder plan 23\ x . .

) Sr; @) CuG;,.“” With the lattice shrink-
hardly affects the eIectyomc structure of the,Oy ladder zgg%ﬁﬁiégéfgrznig;?'ﬁeisu% effect, the minimum Cu-O dis-
and prepares no holes in the {4 in (SpCWL05)o.7CUG, - ance” hotween the substructures is about 2.68 A in

It should be kept in mind that, in the Ca-rich compound .
(Sto0sCay 3Cu22)) CuO,, about 0.2 holes perp cu (SfostaeudltbOs)o70: LCUO,, where the O atom in the
ato(;f(l)sin thgé1 Iaddgr OéZr()gﬁtransférred from the Guhain*? CuG; chain is regarded as an apical atom for the GuO

Therefore in the absence of lattice shrinkage which is caused
by chemical pressure effect with Ca doping, it seems much
interesting to see whether structural modulation of the LuO
chain can cause hole doping to the,O4 ladder or not in
(SKLCW,03) 7fCUG,. Accordingly, we need to investigate
the effect of the modulation of the O atom in the Gughain

on the CyO; ladder. We can see from Fig. 9 that th€lDin

the CuQ chain in (SpCu,03)q ,LUG, is, as in the case of
(Sry 058 94£LW03) g 70- sSCUG,, aligned just above and be-
low the Cu-O legs in the ladder even though the relative
arrangement of neighboring Cy@hains in theac plane is
different to that of the Ca-rich compounds. Figure 10 shows
selected Cu-O distances between the substructures in modu-
lated (SpCu,03)q74CuUG;. Evidently, the bonding between
Cu(2) in the Cy0O4 ladder and @) in the CuQ chain seems
most important between the substructures. The minimum of
the Cu2)-O(1) distance is 3.08) A at t=0.155. To reveal

the role of the modulated O atom in the Cu€hain exactly,

the tilt angle of Cui1)-O(1) bond are calculated together with  FiG. 11. Modulated interaction between the,Oy ladder and

the Cu2)-O(1) distance. It can be seen from Fig. 11 thatthe CuQ chain. The solid line denotes G)-O(1) distance be-

the Cu2)-O(1) distance is attained to its minimum by tween the substructures; the dashed-and-dotted and dashed-and-
the large tilt of the CU)-O(1) bond from theac plane. two-dotted lines represent deviation from 90° ofiBCu(2)-O(2)

The minimum C@2)-O(1) distance should be compared and 41)-Cu(2)-O(3) angles, respectively; the dashed line is the tilt
to that of the corresponding Cu-O distance inangle of Cl1)-O(1) bond from theac plane.

FIG. 9. Modulated composite structure of §St,03)q7dCUC,
along theb axis.
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PeOete e

) b O d o CuG, in (SLCW,03) 07U, .
~ o0 e ® O-e
.9 | 2 | ¢ Cu transfer in (SyCu,03)q ,LCUG, has been also indicated by
(T\ ® oo @ :5 O g optical conductivity measurement and polarization-
P : ¥ ‘ ®: o dependent x-ray absorption spectréft® Thus from the
1 D] 1 modulated structure analysis of (81,03)07dCUO,, we
I DeOe 0 D have closely revealed that a finite number of holes are un-
o i ° doubtedly transferred, even in the absence of the chemical
b pressure effect with Ca doping, from the Cu€hain to the

Cu atom in the C4O5 ladder through the modulated O atom
FIG. 12. Modulated composite structure of {St,05)¢,fCu0,  in the CuQ.

along thea axis. The thin, medium, and wide gray-colored lines By considering the valence of @) in the ladder and the
show the distances of €)-O(1) bondings less than 3.30, 3.20, and chemical composition of ($€u,03)q ;fCuUG,, Mmost of the
3.10 A, respectively. holes should be located in the Cu®hain. This is qualita-

tively consistent with the results from the ARPES experi-
square in the G&0O; ladder. Thus some apical O atoms in ment, optical conductivity measurement, and electronic
the CuQ and the CuQ@ squares form the elongated structure calculatiof®*%*! The average valence of CL
CuQ; tetragonal pyramids on the ladder plane inatom inthe Cu@ chain is about 2.6. This shows that, in the
(Stp.05€C 2 048U 03) 0 70+ sSCUG,.  IN (SKLCWLO05)0.7dCUO, [Sr_x(Ca, La, Y)Cu0z]0.70+ sCUO; series, the maximum
on the other hand, to see if thgX) atom in the Cu@ chain  amounts of holes are prepared in the Gu€hain in
really behaves like an apical atom for the Gugguare in the  (SLCuw,03)g 7,LCuUG,. Thus the BVS method was also ap-
Cu, 03 ladder, @1)-Cu(2)-O(2) and Q1)-Cu(2)-O(3) angles  plied to reveal the hole distribution in the modulated GuO
are evaluated. When the (D-Cu(2)-O(2) and the @1)- chain in (S§Cu,03),LCUG,. If we adopt 1.73 as the, of
Cu(2)-0(3) angles are close to 90°, the distortion of the elon-Cu** in the BVS calculatiori! the r, of the Cu1) atom is
gated Cu@ tetragonal pyramid should be small along the legobtained by interpolation to be 1.71. Taking into account the
and the rung, respectively, in the ladder. As we can see froormodulated Cu-O bonds in the Cy©hain, the bond valences
Fig. 11, the deviations of the (@)-Cu(2)-O(2) and the @1)-  and the BVS of C(1) are calculated in Fig. 14. According to
Cu(2)-0O(3) angles from 90° tend to decrease as th€é2Bu the large modulation amplitudes of the Cu-O lengths in the
O(1) distance approaches its minimum. The marked correlaehain, the bond valences and the BVS of(Quare remark-
tion among the C{2)-O(1) distance and the @)-Cu(2)-O(2) ably modulated in thé space, which is distinct from those
and the @1)-Cu(2)-O(3) angles around=0.15 convince us obtained for the C{2) atom in the CyO; ladder(see Fig. &
that the O atom in the CuQchain can be regarded as the The BVS value of C(l) modulates between 1.9 and 3.1,
apical atom for the Cupsquares in the G5 ladder and  which means that valence modulation including?Cuand
that holes can be transferred from the Gu®the CyO; in Cu®* ions occurs in the Cugchain in (SsCW,03) 0 7dCUO, .
(SLCW03) 7CUO, (see Fig. 12 To evaluate the amounts Because the valence modulation is brought about by the
of holes transferred from the Cy@hain to the CyO5 lad-  structural modulation, that is, by the large modulation of the
der, the BVS of the C@)-O(1) bondings in the modulated Cu-O bonds in the CuQchain, the holes prepared in the
structure of (S4Cu,03)7dCUO, was calculated. As we can CuO, seem to be localized as the optical conductivity mea-
see from Fig. 13, about 0.03 holes per(@uatom are trans- surement has suggest&dThe large modulation of BVS of
ferred from the Cu@ chain to the CpO5 ladder. The hole Cu in the CuQ chain was also observed in Ca-rich
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FIG. 15. Bond-valence sums of Qi in the CuQ chain in the
three-dimensional physical space. The solid circles show hole-

unoccupied Ct" (dimep sites; the solid triangles are fully hole-

00 02 04 06 08 1.0 ; . ’ : .
occupied(ZR-single} sites between the Gt sites; the open tri-
t angles indicate partially hole-occupi¢extended ZR-singlgtsites

FIG. 14. Bond valences of Cu-Qdotted lines and bond- Petween dimers.
valence sum (solid line of Cu in the CuQ chain in
(SrL,CWw03)07fCUG,. There is the correlation between the bond- hole-ordered structure which is considered to be closely re-
valence sum of Cu and the O-Cu-O bond anglashed-and-dotted sponsible for the spin-dimerized state of the Gu€hain
line) in the CuQ chain. have been proposed. According to the initial studies with

inelastic neutron-scattering measurem@rit,was suggested
(Sto.05C3 94 W03) 0 70+ 5Cu02,42 but the behavior of the that the C&" ion couples with next-nearest-neighbor
BVS wave is quite different from that obtained in CW* in the CuQ chain to form a periodic
(S1,CW,03)07CUD,. In addition, its BVS value is in the (T(CW"))-(0(CUw"))-([(CU¥))-(0(CU"))-(T(C™))
range of about 1.7—2.8. Presumably, the decrease of the BV&pin chain. The periodic structure of the spin arrangement
value in (SposCay 94LCW03) 0,70+ sCUO, is mainly caused mMight be attained if the periodicity of the hole-ordered struc-
by the hole transfer from the Cy@hain to the CpO5 ladder ~ ture were two units of the average substructure of the LuO
about 0.2 holes per Cu atom in the Q4. In any case, it has chain. In spite of the spin arrangement, Gebal. suggested
become apparent in the (Sr,CaCu,03)0 0. s;CUO, Series & superstructure with four times periodicity of the average
that large amounts of holes are formed in the GoBain by ~ CuO, along thec axis by x-ray-diffraction measuremetft.
the large modulation of the Cu-O bonds. Especially inFurther, they proposed the domain structure With(0)-(|)-
(Sr,CW,03)0.76CUO,, the modulation of the Cu-O bonds are (0)-(T) and (1)-(|)-(T) in the spin-dimerized state of the
Characteristica”y induced 50|e|y by the O atom in the GuO CuG, chain. On the other hand, in conflict with their results,
chain. The large modulation of the O atom in the Gubain  Fukudaet al. found the weak satellite reflections by the x-ray
neaﬂy brings about the valence modu|ation, name]y, the ho|giﬁ:racti0n that are attributed to the SUperStrUCtUre with five
localization in the modulated CyCand the hole transfer to times periodicity of the average CyG® The apparent dis-
the CuO; ladder. It is noteworthy that small amounts of crepancy between their results seems to come from the fact
holes on the C405 ladder, which is transferred through the that they have observed only l0@eflections and that the
O atom in the Cu@chain, are necessary to explain the semi-number of x-ray data is insufficient to refine the structure
conductive behavior of ($EW,03)07dCUO,.2* Thus the Parameters of the Curhain. Moreover, they have ignored
structural features of ($€u,03)q7¢CuUO, obtained in the the structural modulations in (8E,05)0.7dCUC,. Thus
present study explicitly improve that picture proposed bytheir superstructure models seem unsatisfactory to explain
Carteret al. which suggests that the holes prepared in the¢he occurrence of the hole-ordered state of the Caliain.
Cuo2 Chain are mobile and responsib'e for the electricalwe must note that the We” I’efined hOle—Ordered structure in
properties of (SICU,03) 0 7dCUO,. X the plane of the Cufchains in (SyCu,03) 7dCUO, has not
been so far proposed at all. It should be emphasized that the
most accurate model of the hole ordering in the Gu®
obtained by investigating the modulated structure of

(S12CU;03)07dUO; (SHC,03)0 74U, .

As clarified by the BVS calculations, most of the holes in  To investigate the hole-ordering behavior in the GuO
(SLCW03) 7CUO, are located in the CuOchain and the chain, it is necessary to transform the BVS values of the
hole localization including CUf and C3" ions certainly Cu(1) atom in thet space into those in the three-dimensional
occurs at room temperature. The hole localization seems tphysical space. As we can see from Fig. 15, a hole-ordered
be related to charge-ordering behavior in the Gabserved structure including Cii' and Cd* ions is obtained in the
below 250 K164*4%whereas spin-gap behavior accompaniedCuG, chain in (SpCu,03)q7dCuUO,, though fluctuation of
by the formation of the spin-dimerized state is realized aBVS values are observed to some extent. The fluctuation of
low temperature below 85 RThus far some models of the BVS may be depressed with decreasing temperature. In the

0.0t .

Bond-valences and BVS of Cu in the CuO,
(Sop) ureyo ‘onD oy ut o8ue puoq O-n)-O

D. Hole ordering in the modulated CuG, in
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FIG. 17. Bond-valence sums of Q) in the neighboring Cu®
. chain in the three-dimensional physical space. The solid circles
Idshow hole-unoccupied Gt (dimep sites; the solid triangles are
fully hole-occupied(ZR-single) sites between the Gu sites; the
open triangles indicate partially hole-occupiddxtended ZR-
single} sites between dimers.

FIG. 16. Bond-valence sums and bond angles oflCin the
CuG, chain in the three-dimensional physical space. The sol
circles show hole-unoccupied €u(dimep sites; the solid triangles
are fully hole-occupiedZR-single} sites between the Gt sites;
the open triangles indicate partially hole-occupiedtended ZR-
single) sites between dimers.

chain(see Figs. 7 and 24The BVS value of C(1) increases

hole-ordered state at room temperature, it is indicated thawith decreasing the @)-Cu(1)-O(1) angle. As we can see
the (CUP™)-(Cu®")-(C?") arrangement is present with the from Fig. 16, the bond angles of O-Cu-O at the ZR-singlet
periodicity of five units of the average Cy@long thec axis.  site and the extended ZR-singlet site are about 87° and 92°,
We can expect that the hole-ordered structure satisfactorilyespectively, near the position ok §y z+60). These are
leads to the spin-dimerized state at low temperature, becauseuch close to 90° than the bond angles of O-Cu-O at the
(SKLCW,03) 7fCUG, does not show structural transformation CW" dimer sites in the CuQchain. The O-Cu-O angle in
below room temperature. Details of the spin-dimerized stat¢the Cif*O, unit extends to about 99°. Accordingly, we
have been revealed mainly by Takigaetaal. and Eccleston can say that the CuQunit at the ZR-singlet site has a
et al. By ©3°%Cu NMR/NQR measurements, Takigaetal. tendency to make rectangle in the GuChain in
have successfully distinguished magnetic?Cuons from  (SLCW,05)07dCUO,. The rectangular CuQunit at the ZR-
nonmagnetic Cti", which form Zhang-Rice€ZR) singlet'?>  singlet site in the Cu@chain is analogous to the local CyO
They have suggested that the dimer withcoordination in the Cu®plane of highT. cuprates.
(1(C?*))-(0(C?™))-(| (C?™)) spin fragment is formed It is much important, subsequently, to determine the two-
in the CuQ chain in (SsCw,03)7dCUG,. Ecclestonet al,  dimensional configuration of the spin dimers in the plane of
by inelastic neutron-scattering method, have revealed thdahe CuQ chains in (SCu,03)07,LCUO,. We can estimate
the spin dimer with(1)-(0)-(]) fragment has a periodicity of the two-dimensional configuration of the spin dimers from
five units of the average CyCchain along thec axis?®  the two-dimensional hole-ordered structure in the guO
Taking into account the hole-ordered structure determineglane in the modulated (SCu,03)q74CUO,. Therefore the
in the present work, we can conclude that the? Cion BVS calculations of C(l) at the site of x+3 y —z+N) in
couples across Gli with next-nearest-neighbor €t anti-  the neighboring Cu@ chain were performed in the same
ferromagnetically to form the periodic structure manner as the Q) at (x y z+N). In the neighboring Cu®
(T (C@"))-(0(CP"))-{[(CLP"))-(0)-(0)-([(CP"))-  chain also, as we can see from Fig. 17, the hole ordering with
(0(CU*))-(1(CU?"))-(0)-(0) in the CuQ chain. (CUM)-(C®T)-(C?*) arrangement is present with the pe-

As we can see from Fig. 15, the €ubetween the Cif riodicity of five units of the average CyO By considering
ions seems quite stable in the Cu€hain. In other words, some fluctuation, however, tHeCU/?*)-(Cu®)-(CP™) ar-
the nonmagnetic ZR singlet in thg)-(0)-(]) may be more rangement seems to be interrupted near the positiorx of (
stable than the extended ZR sindfebetween(1)-(0)-(|) + 2y —z+30). In this area, we can find the discommensu-
dimers. Since the average valence of Cu in the modulatechtion with hole ordering, that is, the change of the
CuO, chain is 2.55, the amount of holes in the Gu&e (Cuw?")-(Cu*")-(CUW*") arrangement. In addition, from the
insufficient to distribute themselves to make the completeabsence of the nearest-neighbor?Cuions in the Cu@
sequence of (CU¥")-(CUP*)-(CP")-(C®")-(C¥")-,  chain, we can understand that it is impossible to make ferro-
where the extended ZR-singlet site, together with the ZRmagnetic interaction between the nearest-neighbor Cu spins.
singlet site, is fully included. In spite of the fluctuation of the Thus it has become apparent that antiferromagnetic interac-
BVS values at the extended ZR-singlet sites, the BVS otion between the next-nearest-neighbor Cu spins in the
(CUH)-(Cu®*)-(C?™) fragment is rather stable, especially (1(CUW"))-(0(CU*))-(|(C?")) dimer is predominant in
near the position of X y z+60). To see the hole-ordered the CuQ chain. By theoretical calculations, Mizurgt al.
structure of the Cu@chain in more detall, it is significant to indicated that the antiferromagnetic interaction between the
note that there is a correlation between the BVS value ofext-nearest-neighbor Cu spins does not depend on the angle
Cu(1l) and the @1)-Cu(1)-O(1) bond angle in the CuQ of the Cu-O-O-Cu path in the modulated Cuchain®® Be-
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FIG. 18. The possible models of the two-dimensional hole-ordered, @lEde in (SyCu,03)( 7dCUG,. Our modeld(a) and (b)] are
obtained by the bond-valence sum method with the modulated structure analysis. Kpa@eid (d) are proposed by Regnauwt al. and
Matsudaet al., respectively, by the inelastic neutron-scattering method. In all models, effective antiferromagnetic interactions through the
quasistraight Cu-O-O-Cu paths between spin dimers in the neighboring €w#ihs are drawn by gray-colored arrows. In our models of the
hole-ordered structure, the antiferromagnetic interaction through quasistraight Cu-O-O-Cu paths between the dimers in the neighboring
CuG, chains can be obtained most effectively.
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cause of the discommensuration, two kinds of hole-ordereghe CuQ plane in (S§Cu,03) o 7dCuO, is much simpler than
structures are possible in the modulated Guflane that proposed in Ca-rich ($§5/Ca 94w 03) 0 70 sCUO, .47

in (SLCW03)q7CUC,. Figures 18) and (b) show The valence modulation and the hole-ordering behavior in
the two-dimensional hole-ordered structures in the £uOthe CuQ chain in the Ca-rich S5 ,CaCu,,0,4; compounds
plane back and forth the discommensuration around theeem to show more complicated features because of the Cu
(x+73 y —z+30), respectively. For comparison, other pos-atom modulated together with the O atom in the Gu®ain.
sible models of hole-ordered structure for the spin-dimerized

state proposed by Regnaelt al. and Matsudeaet al. by in- IV. SUMMARY

elastic neutron-scattering metH8d® are presented together

in Figs. 18c) and(d). The essential difference among these In the present study, the modulated composite structure of
models is the mode of relative arrangements of (the(0)- (SKLCWO3) g 7LUG,, “Sri1Cu,0,q," With the two-legged

(]) dimers between neighboring Cy®@hains. The most ap- Cuw,O5 ladder and the one-dimensional Cuhains has been
propriate model of the two-dimensional configuration of theinvestigated at room temperature by the use of correct cen-
magnetic dimers should contain the most effective interchaitrosymmetric (3+ 1)-dimensional superspace group. In the
interaction between the neighboring Cu€hains. As in the modulated composite structure of §81,03)q7dCUG;, dis-
case of (o5Cay 04alUOs)0.70: sCUD,, %" the interdimer  placive modulation of the O atom in the Cy@hain is fairly
interaction between the neighboring Cuchains seems to large. By the large modulation of the O atom, almost all of
give the most important interchain interaction because théhe holes are prepared in the Cu€hain. Considering the
dimers contain almost all of the magnetic*Cuions in the  modulation of bond angles, it has been found that the Cu-O
CuQ,. In our models of the hole-ordered structure, the anti-bond in the Cu@is tilting toward the CwOj3 ladder in order
ferromagnetic interaction through quasistraight Cu-O-O-Cuhat the O in the Cu@chain acts as apical oxygen for the
paths between the dimers in the neighboring ¢wbains CuQ, square in the CiD; ladder. The BVS calculation has
can be obtained most effectivelyee Figs. 1&) and(b)]. In  indicated that the valence of Cu atom in the,Oy ladder is
other models, the antiferromagnetic interaction seems to be2.04, where about 0.03 holes are certainly transferred from
weak or sparsely containddee Figs. 1&) and (d)]. From  the CuQ chain through the modulated O atom in the GuO
the theoretical considerationthe antiferromagnetic interac- The Cu atoms in the hole-doped Cu®hain have been
tion through the quasistraight Cu-O-O-Cu paths between thproved to form the hole-ordered structure with the next-
CuO, chains is caused by the overlap between thix?3 nearest-neighbor Gii ions separated by the €uion on the
—y? orbital of Cu and the @, orbital of O in the Cu@. ZR-singlet site. The periodicity of the hole-ordered GuO
With the antiferromagnetic interaction between the neighborehain along the axis is five times that of the average CuO
ing CuO, chains, further, we can assign the ferromagnetidattice, which is compatible with the spin-dimerized state at
interdimer interaction in the CuQOchain as(7)-(0)-(|)-(0)- low temperature. The new model of the two-dimensional
(0)-(1)-(0)-(1). The resulting ferromagnetic interdimer inter- hole-ordered structure in the Cy@lane has been obtained
action in the chain is compatible with the experimental re-by the BVS method. Furthermore, the two-dimensional con-
sults by the inelastic neutron-scattering metfhiod? In this  figuration of the spin dimers has been successfully derived
way, the two-dimensional configuration of the spin dimersfrom the hole-ordered structure in the Cu@lane. We can
has been successfully obtained from the hole-ordered struconclude that the role of the modulation of the O atom in the
ture in the CuQ plane, where the valence of the Cu atom isCuQ, chain is to prepare and distribute holes in the GuO
well controlled by the modulation of the O atom in the GuO that is, to control the valence of Cu atoms both in the@u
chain in (SpCu,03) 7dCUO,. The hole-ordered structure in ladder and in the Cufchain in (SpCu,03) 4 7CUG;.
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