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The low-temperature crystal structure of a one-dimensional chain-ladder composite material
Sip.4Cay3 Clysy yOay4 , Was determined by the Rietveld analysis of neutron diffraction data using a superspace
group approach. The hole distribution between the chain and ladder planes was estimated by the bond-valence
sum (BVS) calculation based on Cu-O interatomic distances. The minimum of the distance between ladder-
copper and chain-oxygen atorfSu(1)—O(3)] was revealed to expand with lowering temperature. The BVS
calculation indicated that such a structural change corresponds to a redistribution of holes from the ladder to
the chain and that almost all of the holes are localized in the chain below or near ¢héeNgerature. By
assuming reasonable magnetic interactions between hole-unoccupied Cu sites on the chain plane, we propose
a possible magnetic structure model taking into account the distribution of holes and observed magnetic
neutron Bragg reflections. The results suggest the presence of spin dimers, spin trimers, and “lone” spins in
the chain, of which the latter two have effective magnetic moments. These moments may be an origin of
staggered antiferromagnetic spin modulation onto the spin-liquid state.

I. INTRODUCTION holes and their localization at low temperature. A localized
hole is expected to destroy a spin singlet, yielding a “lone”
The one-dimensional chain-ladder composite materiaspin, which induces gtl%ggere_d spin modulation on the re-
Sh4-«CaClpgyOyg1+, Shows two striking quantum phe- maining spln-smglet%'.' This is a possible scenario of the
nomena at low temperature. One is the formation of holeantiferromagnetic long-range order in the spin-liquid state,
pairs realized in a spin-liquid ground state in the ladder, but there is no definite experimental evidence to support this
and the other is antiferromagnetic long-range order coexist?icture for the present system. Therefore, the determination
ing with spin singlet§* These phenomena seem to be cry-Of the hole distribution at low temperature is indispensable
cial for understanding the mechanism of superconductivity if©" understanding the origin of the antiferromagnetism.
the spin-ladder system as well as in high-cuprates In the present composite system, modulation of the crystal
The formal valence of Cu in this compound i's nearlystructure strongly affects the distribution of the localized

i . ; o holes. However, details of the low-temperature crystal struc-
+2.25; namely, about six holes per formula unit are “self- .
dooed” in th tem. The distribution of the holes is on fture have not been known because the conventional structure
hope the syste f' © hs ution © h € ho es lso € %efinement cannot be applied for the present incommensu-
the most important factors that govern the physical ProPerately modulated structure.

ties of the system. It has been reported that most holes are |," ihis paper, we determine the crystal structure of

located in the chain in the.Ca—free phase with0, but some Sty4Cays Clha: yOa1: , by the Rietveld analysis of neutron
of them are transferred into the ladder as the Ca conterfowder diffraction data measured at low temperature under
|ncrea.se§1 ASSOClated Wlth the h0|e transfer, eleCtrlC con- ambient pressure_ Structural parameters were refined using a
dUCtiVity increases with the Ca content, but it remains Semitechnique on the basis of a four-dimensional description of
conductorlike in a low-temperature region even in the Cathe modulated structure, which enables us to extract maxi-
richest sample withk=13.6. Under high pressure, the hole mum structural information from the powder diffraction
transfer into the ladder is further enhanced in accordancdata. The distribution of holes between the chain and ladder
with a shortening of a ladder-chain interplane distahé®  was determined by the bond-valence s(BVS) calculation
insulator-to-metal transition is induced by pressure in theusing Cu-O interatomic distances refinédwe compared
highly Ca-doped phase, and finally, superconductivity apthe low-temperature crystal structure with the room-
pears at low temperatufe. temperature orté from the viewpoint of the redistribution of
Antiferromagnetic long-range order has been observed dtoles between the chain and ladder, and found that holes
ambient pressure in highly Ca-doped samples with ‘@l Ne located in the ladder at 300 K tend to move into the chain
temperature Ty) below the liquid-He temperatufeThe an-  with lowering temperature. We concluded that almost all of
tiferromagnetism is no doubt related to the “self-doped” the holes are localized in the chain near or belbyw Fur-
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thermore, on the basis of the hole distribution obtained by
the BVS calculation and reasonable spin-spin interactions on
the chain Cu sites, we proposed a possible magnetic structure
model that is consistent with experimental magnetic scatter-
ing intensities. We discuss the origin of the antiferromag-
netic long-range order based on the magnetic structure
model.

Il. EXPERIMENT

A pure polycrystalline sample of §iCa 3 ClatyOa1y,
was prepared by means of the conventional solid-state reac-

tion using an G-hot-isostatic-press techniqtiélhe sample
was confirmed to show an antiferromagnetic transition at
Ty=23.6K by static magnetic measuremetits. €
Neutron powder diffraction data for crystal-structure Sr/Ca@ _C
analysis were collected & h per scantsb K using a cryostat . o .
on the high-resolution powder diffractometer D2B at ILL in - ¢
the high-intensity modé® The white beam of neutrons from  [Cu,0,] ladder
the high-flux reactor was monochromized to a wavelength of
1.5949 A with a composite focusing Ge monochromator.
Neutron powder diffraction experiments for observation
of magnetic reflections were carried out on the HERMES
powder diffractometer of IMR installed at the T1-3 beam FIG. 1. Modulated structure of a composite crystal
line in the guide hall at the JRR-3M reactor of the JaparSt CaysClhasyOari, at 5 K projected along thg001] direction.
Atomic Energy Research InstituAERI 15 The incident The intrasubsystem Cu-O bonds are drawn by black solid lines,
neutron beam with a wavelength of 1.8196 A was obtainedvhile the intersubsystem Cu-O bonds wita2.85 A are drawn by
with the 331 reflection of a bent-crystalline Ge monochro-gray solid lines.

mator and 12-open-sample-22 collimation. The powder ] ) ) ) ]
sample was put into a cylindrical vanadium cell with a di- t0 incommensurate modulation resulting from the interaction

ameter of 10 mm and mounted in a cryostat with liquid He.Petween the two subsystems. Both the main and satellite re-
The diffraction data were collected at 1.5da6 K in a 29  flections are systematically indexed by a set of four integers
range from 2° to 152° in a step size of 0.1°. hklim with a reciprocal-lattice vectay given by

Electron diffraction patterns were taken at 107 K from s % * *
crushed patrticles on a liquid-Mype cold stage on a high- g=ha’ +kb™ +lc; +me; - (Ref. 18.
resolution transmission electron microscopgHitachi  Reflection conditions for the fundamental spots with0

[CuO,] chain (=

H-1500 operated at 800 kV° and/orm=0 areh+k=2n, k+1=2n, andl+h=2n for
hkl0 andh+k=2n, k+m=2n, andm+h=2n for hkOm,
Ill. STRUCTURE ANALYSIS which reveals that each subsystem has a face-centered lat-

tice. Possible space groups of the basic structures for the two

Figure 1 shows a structure drawing of subsystems are, thereforenmm F222, F2mm, Fm2m,
Stp.4Ca3Clhg,O4y4 . Itis a composite crystal which con- andFmm2. To determine the superspace group of a compos-
sists of two interpenetrated subsystems with diffeeakis ite crystal, we have to know the space groups of two basic
lengths: c; and c,. The first subsystem includes &  subsystems. In the present case, 25 possibilities were consid
corner-sharing two-leg ladders, while the second subsystemred first as the combination of the basic space groups. After
has CuQ edge-sharing one-dimensional chains running inpreliminary studies of the superspace groups, five combina-
the same directioh’ The c;:c, is nearlyv2:1. Its atomic  tons FmmmFmmm F222-F222, F2mmF2mm,
positions are incommensurately modulated owing to the inFm2m-Fm2m, andFmm2-Fmm2 were selected, and then
teraction between the two subsystems. we finally adopted=222-F222 on the basis of structure re-

Figures 2a) and 2b) are electron diffraction patterns ob- finements with the most probable basic space groups. The
served at 107 K oa*-b* andb*-c* sections, respectively. corresponding superspace group is denoted as
These patterns are essentially identical to those observed BR22(11y):F222(11ly), which is the same superspace group
300 K,” which show the absence of a structural phase tranas that used in the analysis of the room-temperature
sition at least down to 107 K. This result is consistent with astructuré? and equivalent t&222(00y) (No. 22.1 in Table
low-temperature x-ray diffraction studyThe main reflec- 9.8.3.5 in Ref. 19. Symmetry operations of the superspace
tions are assigned by the superimposition of two sets ofjroup are summarized in Table I.
orthorhombic reciprocal lattices corresponding to the two The diffraction data measured on D2B were analyzed
subsystems. The real lattices of the two subsystems haweith a Rietveld-refinement prograrREMos?® based on the
commona andb dimensions §~11.26 A ando~12.38A)  above superspace group. Initial structural parameters of the
but differentc dimensions ¢;,~3.90A andc,~2.74A).  fundamental structure were taken from the previous gaper
Along thec* direction, we observed some satellite spots dueand are listed in Table Il. The occupation factgrsf Sr and
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260 range used in the analysis was from 10° to 158°, which
corresponds to the lattice-plane spacthfjom 9.15 to 0.81
A. Bound coherent scattering lengths for Sr, Ca, Cu, and O
were taken from Ref. 21.

For a modulated subsystem, deviations from fundamental
structural parameters can be described by the following

0330 modulation function in terms of Fourier series:
-

m

2000 c(t)=Ag+ >, [A,cod2mnt)+B,sin(2mnt)],
n=0

wherec is one of displacement modulationsv, w, or the
modulation in the B parameter. Heret is the fourth-
dimension coordinate of the fundamental strucfdréln the
present analysis, the maximum order of harmonmswas
set at 2 in the displacement modulatiane, andw, for all
sites. Although there are satellite spots with the order higher

than second, e.g., 0@4and 0064 in the electron diffraction
patterns, they were weak and were not observed in the neu-
tron powder pattern. Only the constant tefg was consid-
ered in theB parameters for all sites, i.eAj_; ,=Bj_;,

. . =0 for B. For the sites with a special position in the super-
space group, all of the Fourier coefficients are not variable.
. The coefficients denoted by the symbol “-” in Table Il are
zero because of such constraints. As a resultxthgposi-
0200 tions for O2) and Cy2) sites were fixed at their initial val-
& . . # ues. The total number of structural parameters refined in the
0032 0043 0020 analysis was 38, including 32 Fourier amplitudes in the
[ v modulation functions for fractional coordinates andB ¢a-
' 1 ¢ o 'y rameters.

0064 0044

IV. RESULTS AND DISCUSSION
A. Crystal structure at 5 K

The refinement was completed wily,,=6.71%. Table
Il lists the resulting structural parameters, and Fig. 3 repre-
sents calculated, observed, and difference patterns for the
neutron powder diffraction data. The crystal structure at 5 K
is illustrated in Fig. 1. Comparison of the lattice parameters

FIG. 2. Electron diffraction patterns of §Cay3 ClhasyOur- 2 at5 K Il_sted m_TabIe I_II W|t_h those_ at 300 KRef. 12 shows
observed at 107 K oa*-b* (a) andb*-c* (b) sections. that lattice shrinkage is anisotropic with _0.038%, 0.36%, and
0.091% for thea, b, andc axes, respectively. These values

. , i agree well with those observed in a previous x-ray study.
Ca at the Sr/Ca site were, respectively, fixed at 0.029 and

0.971 on the assumption of their random distribution. The
occupancies of the other atoms were fixed at unity. Isotropic
atomic displacement paramet&svere assigned for all sites. Figure 4 shows interatomic distances betweelLC(ad-

The preferred orientation due to a needlelike crystal habitern or Cu?2) (chain and O atoms at 5 K plotted as the
was corrected with a preferred-orientation vectobdf The  function of a fourth coordinaté’, which represents the dis-

B. Hole redistribution with lowering temperature

TABLE I. Assumed four-dimensional space group symmetry f@r,S& s {Ctras yOur ;-

Subsystem T{Sr, Ca,Cu,05].. 2:[CuG,].,

Modulation vectork (cp/cy)ey* (colcy)cs

Generators X,y+1/2,z+1/2,t+1/2 X,y+1/2,z+1/2,t+1/2
X+1/2,y,z+1/2,t+1/2 X+1/2,y,z+1/2,t+1/2
X,—Y,—z,—t X,—Yy,—2z,—t
-X,y,—z,—t -X,y,—z,—t

Symbol F222(11y) F222(1ly)
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TABLE II. Fractional coordinates;, y, andz and isotropic atomic displacement paramet@rsf each
atom for the fundamental structure and modulated one obtained by neutron Rietveld refinement of
Sty 4Ca3Clhrz 98040063 The A; andB; (i=<2) are the Fourier amplitude in the modulation function. Num-
bers in parentheses are estimated standard deviations of the last significant digit.

Atom Site X y z B(A?)
Subsystem 11{Sr, Ca,Cu,05].,
Sr/Ca & Fundamental 0.0 0.131 0.0 1.0
Ao —0.00163) —0.599)
A, 0.0003) 0?
B, 0.0051) 0.0196)
A, 0.0012) 0?
B, —0.0053) 0.0193)
Cu(1) 8f Fundamental 0.334 0.0 0.0 1.0
Ay 0.000G2) -0.91(7)
A, 0.0032) 0?
B, —0.0697) 0.0184)
A, —0.00%1) 0?
B, 0.0041) 0.0004)
0(1) 8f Fundamental 0.167 0.0 0.0 1.0
Ag —0.00143) —0.758)
A, —0.0013) 02
B, —0.00699) 0.0026)
A, —0.0012) 02
B, —0.0062) —0.0085)
0(2) 4b Fundamental 0 0 0.5 1.0
Ay —0.459)
A, 0?
B, 0.00(1)
A, 0?
B, —0.0084)
Subsystem ZCuG,]..
Cu2) 4c Fundamental 1/4 1/4 0.25 1.0
Ao —-0.487)
A 0.05715)
B, 0?
A, 0?
B, —0.0013)
0o@3) 8i Fundamental 0.25 0.636 0.25 1.0
Ay —0.00143) —0.198)
A —0.02336) —0.0246)
B, —0.0022) 02
A, —0.00238) 0?
B, -0.01Q02) 0.0253)

8Fixed in the Rietveld refinement.

tance from three-dimensional space(Qt0O(1), Cu(1)-0(2), Figure 5 shows those Cu-O distance waves obtained at
and Cu2)-O(3) distances are intraplane ones, while(Qu 300 K, which are cited from Ref. 12. The overall feature of
O(3) and Cuy2)-O(1) distances are interplane ones. Thethe structure does not change significantly between 5 and
variations of the intraplane distances show that displacemer®00 K, but marked differences are noticed if we compare
modulations are more pronounced in the chain than in th&igs. 4 and 5 in more details. In particular, the minimum
ladder. As seen in Fig. 1, the most remarkable structuraCu(1)-O(3) distance increased from 2.661 to 2.740 A as the
feature in this system is the extreme tilt of the(@uO(3)  temperature is lowered from 300 to 5 K. On the contrary, the
chain around the axis. As a result of such a tilt, parts of average C(1)-O(3) distance is shortened by 0.67% from
O(3) atoms are displaced considerably and approacti)Cu 2.896 A at 300 K to 2.877 A at 5 K. Here the average value
atoms of the neighboring ladders as apical oxygen atomsvas calculated by averaging distances betweefl)Gand its
The parts of C(l) atoms in the ladder are, therefore, coor- nearest @) atoms. The average shortening of 0.67% is
dinated to the ©8) atoms, forming Cu@ tetragonal pyra- comparable to the-axis shrinkage of 0.36% and seems to be
mids. mainly attributed to the thermal contraction of the lattice.
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FIG. 3. Rietveld-refinement pattern for the neutron diffraction datd & of Sry ,Ca3Clys 98040963 The cross symbols indicate
observed intensities, and the solid line on them is the calculated pattern. Short vertical lines below the profile indicate the peak positions of
main (uppe) and satellit€lower) reflections. The lowest pattern indicates the difference between the observed and calculated intensities. The
resultant reliability factoR,,, was 6.71%.

Associated with the change in the @iO(3) distance wave,
amplitudes, and phases of the three(J«D(1) distance
waves also change slightly with lowering temperature.

the present case, it corresponds to a probability of the pres-
ence of a hole at each Cu site. An apparent change is seen in
the Cyl) BVS wave between 300 and 5 K. Although the
For a pyramidal C(L) atom with a short C1)-O(3) dis- average C(l) BVS value remains almost unchanged with
tance, the intraplane CL)-O(1) and Ci1)-O(2) distances temperature, the maximuiminimum) BVS value is much
are also shortened markedly. This supports the idea thaarger(smalley in the wave at 300 K with larger amplitude.
holes preferably enter the sites having short(I®O(3) Indeed, the maximum value decreases from 2.33 to 2.23 with
distances? Because most “self-doped” holes are located inlowering temperature. This exactly reflects the increase in
the chain and the hole density in the ladder is one per forthe minimum C1)-O(3) distance at 5 K. On the other hand,
mula unit at most; the minimum Ci1)-O(3) distance is a the Cu2) BVS waves have a larger amplitude than théQu
more important factor governing the hole density in the lad-waves, but their temperature dependence is small, in particu-
der than the averaged one. The structural changes describkd in the upper part of the wave.
above, therefore, indicate that the hole density in the ladder Holes are expected to be located at the Cu sites having
tends to decrease with lowering temperature. This point isarger BVS values. Accordingly, most holes preferably oc-
discussed below on the basis of the BVS calculation. cupy the C(2) sites, and the remaining holes do the(Qu
Figure 6 shows BVS waves of the Qi sites(a) and  sites with pyramidal coordination. Since the total number of
Cu(2) sites (b) in SryCayzClha;yOu14, at 5 and 300 K holes in the system is constant, the decrease in the maximum
plotted against the four-dimensional coordingteThe BVS ~ Cu(1) BVS value suggests that the holes located in the ladder
is an empirical measure of the oxidation state for a cation; irat 300 K tend to move into the chain with lowering tempera-

TABLE Ill. Refined lattice parameters for $4Cay3 (Clba,yOa14,. Numbers in parentheses are estimated
standard deviations of the last significant digit.

5K 300 K@
a(A) 11.25652) 11.260781)
b (A) 12.382@2) 12.426662)
ci (R) 3.901366) 3.9049116)
c, (A) 2.73607 2.73821
V; (A3%) 543.761 546.429
V, (A%) 381.345 383.168
k(=c,/c,) 1.4259@6) (~77/54 1.426081) (~164/115
Chemical formula Y 4Ca3 Lz 95040963 S1y.4Ca3 €CUr3 98840.965

(y=—-0.019,z= —0.037)

(/= —0.017,z= —0.035)

8 rom Ref. 12.
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FIG. 4. CU1)-O (@ and Cy2)-O (b) interatomic distances in
Sy 4Cay3 Clrs 95010.063at 5 K plotted against a forth coordinate FIG. 6. Bond-valence sum waves of the (Cu(a) and Cy2)
The average of the C1)-O(3) distances is 2.877 A, while the mini- sites(b) in Sty 4Cay3ClhayOu14, at 5 and 300 K plotted against
mum is 2.740 A. the four-dimensional coordinaté. Average values are 2.16 at 5 K

and 2.16 at 300 K for the QW) site, while 2.32 &5 K and 2.30 at

ture. We estimated the number of holes remaining in the300 K for the C@) site.

Iadde( a5 K using an approxmgtely commensurate SUPETinto the chain and is consistent with our estimation. Optical
cell with a largec-dimension lattice parameter af=54c,

—77c, [K=c,/c,—1.42590(6)=77/54 at 5 K and a com- measurements for highly Ca-doped samples are desired for

DOSItioN Of (ST sadCh 0795CLOs]ed CUOL]. This supercell further verification of the hole redistribution.
includes 46 “self-doped” holes. We found that only about
4% of the total holes, namely, 2 out of 46 holes, occupy
Cu(l) sites at 5 K. On the other hand, this value increases to The antiferromagnetic long-range order in this system
20% at 300 K. The BVS estimation clearly supports the holemainly arises from the chain-Cu moméntherefore, we
redistribution from the ladder to the chain with lowering focus here on only the chain plane, assuming that all holes
temperature and indicates that almost all of the holes argre located there in the low-temperature region where the
localized in the chain at low temperature near or belaw  antiferromagnetism appears. In such a situation, the
Very recently, it has been reported for; &u,,0,; that  |adder-Cu moment vanishes owing to the formation of the
the spectral weight of optical conductivity shifts from a low- spin singlet, without any contribution to the antiferromag-
to a high-energy region with lowering temperatételhis  netism.
finding gives evidence for a hole transfer from the ladder We start from consideration of the arrangement of the
holes in the chain plane. Figure 7 shows the BVS values of

C. Magnetic structure in the antiferromagnetic state
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FIG. 7. Bond-valence sums of @) at 5 K along the
FIG. 5. Cu-O(a) and Cy2)-O (b) interatomic distances in two chains  for  the guasicommensurate supercell
Sry.4Ca13 Cls 9aDa0 9s5at 300 K plotted against a forth coordinate [(Sry godCa 9712C03l54 CuGsl77. The open circles indicate hole-
t’. The average of the C1)-O(3) distances is 2.896 A, while the occupied sites, while the solid circles indicate hole-unoccupied
minimum is 2.661 A(Ref. 12. sites.
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tron inelastic scattering measurements foy,8u,,0,, con-

firmed the presence of spin dimers formed along the chain

with a spin-spin correlation length as large as twice the

Cu(2)-Cu(2) distancé’ Its intradimer coupling is also esti-
-------- mated to be 10—11 me%??° Matsudaet al?® have reported
that the magnetic interactions are almost unchanged with Ca
substitution for Sr. Furthermore, Mizure al *° theoretically
predicted that the exchange interaction between the second-
nearest-neighbor Cu ions in an edge-shearing Cu-O chain is
antiferromagnetic in any ranges of structural and energy pa-
rameters.

The second ond. is an interaction in the configuration of
spin-hole-hole-spin between the third-nearest-neighbor spins
along the chain via two hole-occupied sifege Fig. 8 We
assumed that this correlation is ferromagnetic with a much

FIG. 8. Three major magnetic interactiodsJ., andJ,, be- SmaII(_er eﬁchange energy thdni.e., |J°|<|J| Such an m-l .
tween Cii2) spins on thea-c plane(indicated by bold arrows The teraction as been_observeq as an interdimer spin correlation
Cu(2) site with or without a hole is represented by small open orby neutror;alnelastlc scattering measure'ments'. Inde?d, Reg-
solid circle, respectively, and the G spin is by an arrow. See text Nault et al”™ reported that an average interdimer distance

on the orbital configurations for the Cu-O-O-Cu quasilinear path. @long the chain is about 3 times longer than thé2-€u(2)
distance and that the spin correlation between the dimers is

Cu2) at 5 K along the chain for the quasicommensuratd€Tomagnetic with an exchange energy of-1.1 meVv.
SUPETCel[(St 08 579,C 05l CUGsL-. In the commen-  Their observation seems to support our assumption.

surate three-dimensional description, the present system has 1N€ third interactiorl, is an interchain coupling and acts
two inequivalent chains corresponding to the positions of ~ 2€Ween spins of adjacent chains thorough a quasistraight
the Cu2) site in the unit cell: 0.25, 0.25 or 0.75, 0.75 CU-O-O-Cu pattisee Fig. 8 We assumed that this term is
(chain 1 and 0.75, 0.25 or 0.25, 0.76hain 2 (see Fig. 1 antiferromagnetic on the basis of the orbital configurations
The open circles in Fig. 7 denote 46 hole-occupied sites haJ?" the Cu and O ions in the Cu-O-O-Cu path. Thi 8.2

ing first to 46th large BVS values among the 77(Bwsites,  Orbital of the Cu ion strongly overlaps with thep2 orbital
while the closed ones indicate hole-unoccupied sites. HoleSf the O ion, and the two O (2, orbitals would slightly
occupy every other G@) site in some part. However, two ovgrlap W|_th each other. For such an arrangement qf ort_JltaIs,
adjacent sites are also sometimes occupied successively, adRin hopping through the path is expected, resulting in an
the occupation sequence as a whole is complicated owing @ntiferromagnetic cz%upllng due to the superexchange pro-
the modulated structure. In Fig. 7 we did not find any evi-C€SS- Regnaulet al™ observed that the dimer-dimer spin
dence for a pinned charge-density wave that was reported f&(_)rrelatlon between the adjacent chains is gnnferromqgnetlc
Sr.Cu,,041. 28 Nevertheless, the arrangement of holes in Fig With an exchange energy of1.7 meV. Their observation

7 suggests a certain regularity and seems reasonable in vidR2y reflect the interchain Cu-O-O-Cu interaction.

of the Coulomb repulsion between the charges. We have Based on the three.magnetlc mteractlons., we succe;sfu_lly
verified that the hole distribution determined by the BV constructed a magnetic structure model as illustrated in Fig.
calculation is quite consistent with that obtained by calculat)(@- TheA andB planes are alternately stacked along the
ing Madelung energie¥: axis as---(Aplane)-B plang)-@\ plane)--. It shoulq be

CW" ions haveS=1/2 spins, which correlate magneti- stressed tha}t all the spins in Flg(.a})qre arranged without
cally to one another. A doped hole strongly couples with SPin frustration as regards the three interactions.

CW?* spin to form a Zhang-RicéZR) singlet, which can be In order to test the pr_oposed magnetic structure model, we
regarded as a low-spin €Ustate 6=0: nonmagnetic The calculated the magnetic structure_ factors. for the supgrcell
hole-occupied C(2) sites in Fig. 7 can therefore be treated [(Sr0.029C6b.971)2CU203%]54_[CU02]77 using a Rietveld-analysis
as nonmagnetic sites. According to the magnetic reflectionB’09ramRIETAN-98," with the crystal data obtained in the
observed for a single crystal, the antiferromagnetic spin diPrésent study. In the calculation, we assumed that all mag-
rection is approximately parallel to tteeaxis® Based on this  Netic moments are parallel to tizeaxis with a constant ef-
experimental result and the estimated hole distribution, wd€ctive Bohr magneton of 0;8, which was estimated from
can construct a possible magnetic structure model for th&tatic magnetic measuremenitsrigure 10 shows the square
antiferromagnetic state if we know effective magnetic inter-Of magnetic structure factors calculated for (1q01), and
actions between the C2) spins. (h054) sect|0ns,3Where the indexs base(_j on the_= 77c,

We considered three major interactions between th@)Cu cgll. Nagataet al.> measured the magnetlc reflections for a
spins as shown in Fig. 8. The first odeis an interaction Single crystal and analyzed them using-alrc, supercell.
between the second-nearest-neighbor spins along the chainfi@r the (10) section, they observed a strong120and a
a configuration of spin-hole-spin. We assumed that this ternfvéak 1@2 reflection. These indices correspond to 1010 and
is antiferromagnetic and the main origin of the dimerized1012 in the four-dimensional description and coincide with
spin-singlet ground state in the chain. This assumption 4054 and 1000 in the present €3 cell, respectively[Note
based on neutron experiments and theoretical studies. Nethat the upper lateral axis in Fig. &) is scaled to thec

a  Cu(S=1/2):3d2 2

L.
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(a)
A-plane (y=0.25)

S e e

0 10 20 30 40 50 60 70 77

B-plane (y=0.75)
Cha?n—l'—> *:, OHO o—Ho OH 1 < X oo e e e ; i x=0.75

x=1.25

(b)

ZR singlet complex-2 complex-3 Cu O complex-1
(spin-trimer) ("lone" spin) (spin-singlet)

FIG. 9. (@ A possible magnetic structure model for @u spins in the chain plane for the quasicommensurate supercell
[(Sry.02L8 9792Ch03]54 CuO, |77 (the O atoms are omitteédThe three major magnetic interactions are represented by solid(Inegray
lines (J.), and gray dotted linesJ). (b) Two types of sequences in a chain, in which three kinds of magnetic complexes are formed by the
spin and Zhang-Rice singlésee text

=17c, cell.] Our calculation qualitatively reproduces the

observed reflections. For the (Qland (h054) sections, the = 3000
calculated reflections also agree well with the experimental g
results at least in terms of the peak positions. Some relative —g 2000 |-
intensities in the calculated results are different from those in =
the observed ones by a factor 62 maximum. The main 5 1000 ¢
reason for the difference is probably that we have taken no Lf
account of the staggered spin modulation of the magnetic = 6008
moment>*° This point is discussed later in brief. g
Furthermore, we simulated a neutron powder diffraction £ 4000 L
pattern usingrRIETAN-98, including magnetic scattering as 8
well as nuclear one. Such a simulation is helpful to know the =, 2000 L
relative contribution of the magnetic scattering to the total Lﬁ
pattern. The resulting pattern is shown in Fig.(@1 The - 0 ah A
0123 reflection has the maximum intensity of purely mag- 40 60 80 100
netic reflections. However, it is extremely weak as compared Hrlu)
with other reflections due to mainly nuclear scattering. Using = 3000 © 7054
the HERMES diffractometer, we measured neutron powder 5 o
diffraction patterns above and belol, and obtained a dif- -g 2000 ¢
ference pattern between them as shown in Figh1INo it
peak was detected clearly nea#214°, i.e., the position of _§’ 1000

the 013 reflection. This experimental fact supports the
present simulation result at least in terms that the magnetic 0
contribution to the neuron powder pattern is minimal.

We found that the reasonable magnetic structure model is
comprised of the three magnetic interactions illustrated in  F|G. 10. Square of magnetic structure factors inlj1qo1l),
Fig. 8. If we consider thd term as the most principal inter- and (h054) sections calculated for the quasicommensurate super-
action, we can extract three kinds of complexes of the spitell [(Sty 0248 9712,CO5]5{ CuG,];7. The upper lateral axis i(g)
and the ZR singlet from each chaisee Fig. ®b)]. Using s scaled to the=17c, cell (see text

|F

2 3 4 5 6
h (e L w)

<
—



PRB 62 LOW-TEMPERATURE CRYSTAL AND MAGNETIC . .. 11675

ture model, the “lone” spin((+) or (—)) and the “spin
trimer” ((+0—0+) or(—0+0—)) may be replaced by an
S=1/2 spin each, and the magnetic moment in the “spin
dimer” ((+0—) or (—0+)) may be ignored. The resultant
model corresponds to the extreme case. According to this
model, the number of th8=1/2 spins surviving becomes a
few percent of the total G@) sites. In a previous study of the
static magnetic moment, we have obtained a similar value to
the number of spins on the assumption of B 1/2 spin
state!® The real situation would be intermediate between the
two extreme cases, i.e., the uniform model and the model
based on thés=1/2 spin. To obtain a more sophisticated
magnetic structure model, we need to analyze the magnetic
reflections in the four-dimensional space, although such a
method has not been developed as yet.

&
3
=
v

I ) (arb. unit)

cal.

L 0046
220

[ 1154

[ 200
1131

[ 2023

[ 2223

(arb.unit)

Iobs.

V. SUMMARY

S 10 15 20 25 30
20 (deg.)

The hole distribution and magnetic structure in the anti-
ferromagnetic long-range-ordered state in

FIG. 11. Neutron powder diffraction patterns for Sf0.4C83.6 Uty Oss, have been studied by a detailed
Sty4Caus CligsyOu1i,:  (8) Simulated pattern for the quasicom- analysis of the low-temperature crystal structure using neu-
mensurate supercgliSr 02dCa 970,Ch0sls{CuO,l,7. (b) Experi-  tron diffraction data with a technique on the basis of a four-
mental patterns observed at 1.5 and 5 K, and their difference patdimensional description of the modulated structure. As a re-
tern. sult, we drew the two following conclusions, which are

important to understand the low-temperature properties of
simple notationst, —, and 0 for an up-spin, a down-spin, this material. The first conclusion is that as the temperature is
and a ZR singlet, respectively, the first complex is reprejowered the holes are redistributed from the ladder to the
sented by(+0—) (or (~0+)). This complex apparently cor- chain. The BVS calculation suggests that almost all of the
responds to a spin dimer observed in inelastic neutron scafyles are located in the chain below or n@arand ordered
tering studies’~** The second ig+0—-0+) (or (—0+0  there with regularity due to the modulated structure. The
—)). This complex seems to be regarded as a kind of Spiecongd conclusion is that an unusual magnetic structure ex-
trimer that consists of a spin smq!et and a spin. The third i§gs iy the antiferromagnetic phase, which can describe the
just(+) (or (=), namely, a “lone” spin. These complexes . isting state of the long-range order and spin singlets in
are separated from one another along the chain by wo a he chain. The magnetic sate includes three kinds of mag-
joining ZR singlets(an “extended ZR singlet™) 00 and netic corriplexes of spin dimers, spin trimers, and “lone”

weakly interact throughd. andJ, . S . : :
Two types of sequences on these complexes are seen FRINS N the c_ham. The latter tvx_/o_ have effective magnenc
oments, which may be the origin of staggered antiferro-

each chain. One consists of only the first complexes, such 48 . . . S
-+ 00 (+0—) 00 (—0+) 00 (+0—) 00 (—0+) 00 ---. The magnetic spin modulation induced onto the spin singlets.

NMR and nuclear quadrupole resonar®8QR)*2 and neu- These conclusions suggest that the antiferromagnetic long-

tron inelastic scattering experimeft€°support the presence ange order in this system is ascribed to the charge order in

of this sequence. The other sequence consists of an altern&e chain.

tion of the second complexes and “lone” spins such as

00(—0+0—)00(—)00(—0+0—) 00(—)00(—0+0—)

00 --- for the A plane and -- 00(+0—0+) 00(+) 00(+0 ACKNOWLEDGMENTS

—0+)00(+)00(+0—-0+)00--- for the B plane. This se-
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