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Neutron-scattering experiments have been performed Q€8%y,0,; that consists of both chains and ladders
of copper ions. We observed that the magnetic excitations from the, Ch&@n have two branches and that
both branches are weakly dispersive along #hand c axes. Thew-Q dispersion relation as well as the
intensities can be reasonably described by a random-phase approximation with intradimer cdupling
=11 meV, interdimer coupling along theaxis J;.=0.75 meV, and interdimer coupling along theaxis
J,=0.75 meV. The dimer configuration indicates a quasi-two-dimensional hole ordering, resulting in an
ordering of magnetic G with spin-% and nonmagnetic Cu, which forms the Zhang-Rice singlet. We have
also studied the effect of Ca substitution for Sr on the dimer and the hole orde3Dip3-182809)11401-3

I. INTRODUCTION nate from a dimerized state in the chain and those at high
Q (L¢hain=>0.6) from a dimerized state due to the interladder
Sr4Cu40,4, consists of both two-leg ladders of copper coupling since two branches were observed for the gap ex-
ions and simple Cu@chaing? as shown in Fig. 1. Numer- citations at lowQ but only one branch at higf.
ous experiments showed that the two-leg ladder has an exci- NMR studies revealed the microscopic properties of the
tation gap of~35 meV 3~ which is expected theoreticalfy. dimerized stat&!’ It was reported that both magnetic €u
An important feature of this compound is that stoichiometricand a nonmagnetic ZR singlet exist in the chain. It was also
Snr4Cu,40,44 contains hole carriers. It has been reported thafound that an NMR peak originating from a ZR singlet
most of the holes are localized in the chain and some exist igradually splits into two peaks below200 K. The results
the ladde® ! When Sf* sites are substituted by €aions,  were discussed with two dimer models. One is model | men-
the total number of the holes in the sample is unchanged butoned above. This model was supported by Gal. by
holes in the chain are transferred from the chain to theheir x-ray measurement&In another model the dimers are
laddef®!! and the system shows an insulator-to-metalseparated by two nonmagnetic ZR singlets alongctiais
transition®!? Superconductivity was also observed in (model ) as shown in Fig. ). This model is consistent
Sty 4Cay3 L4041 belowT,=10 K under a high pressure of with the results of the electron-diffraction study by Hiroi
3 GPa'® et al1®in which the CuQ@ chains show a modulated structure
In this paper we are only concerned with the magnetiowith a five times larger unit cell along theaxis in stoichio-
properties in the chains. Figuréal shows the Cu@chains  metric S;,Cu,4,0,4,. However, neither model can completely
in this compound. The copper ions are coupled by an almostxplain the NMR results.
90° Cu-O-Cu bond along the axis. Each chain is well Recently, two papet§?° on neutron-scattering experi-
isolated from each other along tleand b axes. As men- ments came to our attention. Ecclestrall® explained the
tioned above, there are localized holes in the chain. It isnodulation of the excitations and intensities along¢lexis
expected that the hole spins are localized at oxyyand  convincingly by a simple model of an alternating chain with
couple with copper spins to form the Zhang-RiER)  weak interdimer couplind (J,/J;~ —0.1, whereJ; andJ,
singlet’* The nonmagnetic Cu sites play an important role toare intradimer and interdimer coupling, respectiyelyhich
form a dimerized state in the chain. First, the dimer is formeds equivalent to model Il. It is noted that two parallel
between C&" spins that are separated by twice the distancdranches along the axis are not separated in the experi-
between nearest-neighbor Cu ions along ¢rexis. The ex- ments because of insufficient resolution. Regnaailal>°
change interaction410 meV) is mediated via a nonmag- briefly reported the measurement of two parallel branches in
netic ZR singlef:>® Then the question is how the dimers a wide range ofQ (0.05<L 4,=<0.925) along the axis,
are arranged and interact with each other. Matseidal'®  which suggested a weak coupling along ¢hdirection. The
interpreted that each dimer is separated by one ZR singlefpecific coupling along tha direction was recently reported
along thec axis (model )) as shown in Fig. (c). They also by Coxet al8in their synchrotron x-ray study of the charge
interpreted that the excitations at 6@ (L;h4in<<0.4) origi-  ordering at low temperatures.
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=0.75 meV) is also importafft as well as the interdimer
coupling along the axis J.=0.75 meV). The model cross
section will be given after the experimental data are pre-
sented. The dimer arrangement along ¢thaxis is well de-
scribed with model Il. The dimer configuration we found in
this study indicates a quasi-two-dimensional hole ordering,
resulting in an ordering of Cd and a ZR singlet in thac
plane. Ca substitution for Sr makes the magnetic excitation
peaks broader as in the case of Y substitiffiqorobably
because the hole ordering is very sensitive to the hole num-
* ber and the long-range dimer formation becomes disturbed.

Cladder

I T -k ll. EXPERIMENTAL DETAILS

r-— ain r-— aﬂ er_>
o Ialc';:jer The single _crystals of_@{,xCa(CuMOM_ (x=0 and 3
were grown using a traveling solvent floating zone method at
(@) (b) 3 bars oxygen atmosphere. The dimension of the cylindri-
cally shaped crystals is about® x 30 mn?. The effective
mosaic of the single crystal is less than 0.4 ° with the spec-
trometer condition as described below. The 61,40,
crystal is the same one as used in Ref. 15. It is expected that
Sr and Ca are distributed homogeneously iGaCuy 0,1

(¢ since the lattice constants systematically change and the line-
width of the nuclear Bragg peaks does not change when the

ratio of Sr and Ca is changed. The lattice constants of
SrCuw,04; and Sg,CaCuy,0, are a=11.472 A andc
=27.551 A anda=11.430 A andc=27.487 A at 15 K,

respectively. The lattice constants are consistent with those
(d) obtained with powder samplés.

The neutron-scattering experiments were carried out on
the ISSP-PONTA spectrometer installed at the 5G beam hole
of the Japan Research Reactor 30RR-3M at the Japan
Atomic Energy Research InstitutdAERI). The horizontal
collimator sequences were '400'-S-80'-80'. The final
neutron energy was fixed aE;=14.7 meV. Pyrolytic

Since dimerized states sometimes occur in sg@h § graphite (002 was used as monochromator and analyzer.
one-dimensional Heisenberg antiferromagnets such as tfeontamination from higher-order beam was effectively
spin-Peierls state, it is quite natural to assume that the dimegliminated using pyrolytic graphite filters after the sample.
ized state in the chain of §Cuw,,0,; is also caused by a The single crystals were mounted in a closed cycle refrigera-
quantum effect in a'5=2% one-dimensional Heisenberg an- tor and were oriented in théh(0J) scattering plane. As de-
tiferromagnet. On the other hand, almost isolated magnetigcribed in Ref. 1, there are three different values for the
dimers were found in CaCuG®; (Refs. 22 and 2Beven lattice constantc (Cyniversa™ 10X Cenain= 7 X Ciadded . Since
though the geometrical arrangement of the magnetic mowe will show the magnetic and structural properties in the
ments seems three dimensional. It was also claimed th&hain,Cqnain Will be used to express Miller indices.
magnetic moments which are geometrically closest does not

FIG. 1. Structure of the CuQchains(a) and the CyO; ladders
(b) in Sr,Cuy041. The lower part of the figure shows two dimer
models as described in Sec.(€) model | and(d) model Il. The
squares denote Zhang-Rice singlet sites. Figure from Ref. 18.

necessarily COUpIe most dominantly in VODP@DZO IIl. EXPERIMENTAL RESULTS
(Ref. 29 and (VO),LP,0; (Ref. 25 because of the strong
superexchange pathways through a covalently bonded PO A. Magnetic excitations from Sr;,Cu,,0,4; chain

group. These results suggest that unexpected pathways could
become important in order to completely understand the
magnetic properties of magnetic materials. Figure 2 shows the typical neutron inelastic spectra at
We have searched for a simple model of dimers with(H,0.L) in Sr,Cu,404; measured at 15 K. One or two dis-
weak couplings along both and a directions?® Somewhat tinct excitation peaks are observed in th&,QL) scattering
surprisingly, a specific combination of the two couplings, asplane as in the (&,L) scattering plane that was previously
described by Leuenberget al?” for Cs;,Cr,Brg, produces reported in Refs. 15 and 29. The solid lines at (2,0,
simple and elegant neutron-scattering cross sections that de-0.20), (2.75,0,-0.20), (2,0,-0.75), and (3,06;0.75)
scribe properly the measured dispersion and intensities. lare fits to two Gaussians and those at (20,70) and
this paper, we have studied theQ dispersion relation per- (2.75,0;-0.70) are the fits to a single Gaussian. The excita-
pendicular to the chain direction in considerable detail. Bytion peak positions are changed whenor L is changed,
applying a random-phase approximatidRPA) treatment, meaning a dispersion along tlaeand c axes. The width of
we found that the interdimer coupling along theaxis (J,  the excitation peaks varies at differéppositions purely due

1. Low-temperature dispersion
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FIG. 2. Typical inelastic neutron spectra &t,0L) at 15 K in
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(2=<H=4), respectively. The closed circles represent the
data from the magnetic peaks with lower excitation energy
and the open circles represent the data from the ones with
higher excitation energy. The solid and broken lines are the
results of model calculations, which will be presented in the

next section. There also exists a dispersion alongathgis

with a periodicity of 2 r.l.u. The two dispersion curves along

to the resolution focusing effect. At (3;00.75), where
resolution focusing is almost perfect, the peak width has a
resolution-limited value of~-1 meV full width at half maxi-
mum. The observed excitation energies and energy-
integrated intensities at (210, and (3,0..) (0.1<L=0.85)

are plotted in Figs. 3 and 4, respectively. The closed circles
represent the data from the magnetic peaks with lower exci-
tation energy and the open circles represent the data from the
ones with higher excitation energy. The solid and broken
lines are the results of model calculations, which will be
presented in the next section. Both at (R)Jand (3,0L.) the
dispersion relations are similar and has a periodicity of 0.2
reciprocal lattice uni{r.l.u.) along thec axis which is con-
sistent with the results by Ecclestat all® and Regnault

et al?° Actually the dispersion relation is almost identical to
the one observed in the ¢0,L) zone!® The most interesting
feature is that the intensities and the ratio of the two peaks
are changed wittd as well as.. The intensities of the exci-
tation peaks with lower excitation energy are more intense
than those with higher excitation energy at (R)O(L
<0.25). On the other hand, the intensities of the excitation
peaks with higher excitation energy are more intense than
those with lower excitation energy at (2,9,(L>0.6). The
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FIG. 4. Observed and calculated enerd@sand intensitiegb)

at (3,0L) measured at 15 K in $Cu,40,4,. The solid and broken

intensities at (2,@,) are almost identical to those observed in lines, which are fits to Eqg2) and (3), represent the acoustic and

the (OK,L) zone®® The intensities at (3,0) show com-

optic modes, respectively.
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1 2 3 4 5 2. Model Hamiltonian

In order to analyze the observed dispersion relation and

FIG. 5. Observed and calculated enerdi@sand intensitiegb) energy-integrated intensities we used a model Hamiltonian
at (H,0,—0.2) measured at 15 K in S§€u,,0,;. The solid and  for the dimers that are formed between’Cispins separated
broken lines, which are fits to Eq&) and(3), represent the acous- by twice the distance between nearest-neighbor Cu ions and
tic and optic modes, respectively. are weakly coupled along treeandc axes as shown in Fig.

7. The Hamiltonian involves three Heisenberg Hamiltonians
the a axis do not run parallel as ones along thexis but  with intradimer couplingJ, interdimer coupling in the same
cross atH =3 and . The intensities of the excitation peaks chain J., and interdimer coupling between the adjacent
with lower excitation energy are larger than those withchainsd,:
higher excitation energy in a range ok#H<2.5 and 3.5
<H<4 at H,0,—0.2). On the other hand, in a range of o
2.5<H<3.5 the intensities of the excitation peaks with H:‘]<i2j> S-S+ Je 2 , S-§+Ja 2 Y S-§. ()
higher excitation energy are larger than those with lower ' == =h=
excitation energy. The intensities &t (0,—0.7) show com- Here(i,j) is nearest-neighbor spins, which are separated by
pletely opposite behavior from those at,0,—0.2). Thus, twice the distance between nearest-neighbor Cu ions, in the
both the dispersion and the intensities depencHoandL,  same chain(i,j)" is third-nearest-neighbor spins, which are
suggesting that there are non-negligible magnetic correlsseparated by five times the distance between nearest-
tions along thea axis in addition to those along tteeaxis. neighbor Cu ions, in the same chairi,j>" is nearest-
neighbor spins between the adjacent chains. This model
Hamiltonian is the simplest to describe the weakly coupled
) (a) dimer system. As shown in Ref. 27, the Hamiltonian de-
1 scribed in Eq.(1) is then rewritten as a Hamiltonian that
describes interactions between dimers. The couplings in Eq.
(1) are chosen so that they adequately describe couplings
between dimers. Especially, the interdimer coupling along
8 : : : thec axis is for two spins separated by five times the distance

16 T T

----- optic (H,0,-0
14 | —acoustic T=15

1 2 H(r.3|.u.) 4 5 between nearest-neighbor Cu ions, which explains the five
3100 , : , times periodicity in the dispersion along theaxis°
H :gggﬁsﬁc (b) The weakly coupled dimer system can be well described
g 80 ] with RPA. In fact, the magnetic excitations in {5,Brg
s \\ % + * ﬁ% (Ref. 27 and BaCuSiOs (Ref. 31 are successfully de-
%‘ 80t +"‘+\ ] scribed with RPA treatment. The dispersion relation is given
< ~ 7
2af + Tl S— by?
220 ] (o?C0USIeIOPliEg) = {32+ 3. R(T)[ Jo Vo &) = Jal val D112
D 0
T YT 5 R(T) LRI (@=2c0g24L)
=Ng—Ni=—F%——"—, =2cog27L),
H(rlu) 0T MT T Bexg—uim)’ Yol
FIG. 6. Observed and calculated enerd@sand intensitiegb) va(@)=2cogwH)-expi2mL ), 2)

at (H,0,—0.7) measured at 15 K in §€u,,0,4;. The solid and
broken lines, which are fits to Eq&) and(3), represent the acous- whereng, n,, and § are thermal populations of the singlet
tic and optic modes, respectively. ground state and of the first excited triplet and theompo-
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nent of the distance between nearest-neighbor spins at the 80
adjacent chains as shown in Fig. 7. The solid and broken
lines in Figs. 8a), 4(a), 5(a), and &a) represent the calcu-
lated dispersion relation of the acoustic and optic modes,
respectively.  Equation (2) with J=11 meV,J,
=0.75 meV, andJ;=0.75 meV reproduces the observed
data remarkably well. In this dispersion relation, the aver-
aged excitation energy, the bandwidth of each excitation
mode, and the energy difference between the acoustic and
optic modes almost correspond 3p2J., and 2, respec- Ol
tively. J obtained in this experiment is consistent with that 6 8 E1?me1\f) 1416
obtained by Ecclestoet al!® The sign ofJ, is consistent

with that in La,_,Ca,Cu,4O,4, that shows a long-range mag-  FIG. 8. Inelastic neutron spectra at (2®.1) (T=15 and 75
netic ordering’>**Since the definition of the interdimer cou- K) and (2,0;-0.6) (T=15 and 100 K in Sr;,Ct,,04;. The solid
pling along thec axis (J.) is different from that in Ref. 16 and broken lines are the results of fits to two Gaussians.
(J,),* the antiferromagnetid, is consistent with the ferro-
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magneticJ,. As mentioned above, the bandwidth of eachdence of excitation energies and energy-integrated intensities

excitation mode is similar to2. (=1.5 meV), which cor-
responds to the bandwidthJ, (=1.1 meV) in Ref. 16.
RPA treatment gives the dynamic structure fattas the

following.

S(Q w)*F*(Q)-R(T)-J-[1-cogQ-R)]

x| [1+cogp- 7+ ¢)];

X 5((” _ wacoustif CI))

+[1—-cogp- 7+ ¢)]; S(w—0®"(q)) |,

are plotted in Fig. 9. The lower excitation energy at (2,0,
—0.1) becomes higher and the higher excitation energy at
(2,0,—0.6) becomes lower with increasing temperature. Fur-
thermore, the intensities decrease with increasing tempera-
ture. Since there is a thermal fac®(T) in Egs.(2) and(3),

the RPA calculation predicts the temperature dependence of
the dispersion relation and the energy-integrated intensities.
The dispersion becomes flatter with increasing temperature
as shown in the inset of Fig. 9 because the interdimer cou-
plings become negligible due to large thermal fluctuations
and the dimers behave like isolated dimers. The intensity is
proportional toR(T), which decreases with increasing tem-
perature. The solid lines in Fig. 9 are the results of calcula-
tions using Eqgs(2) and(3). All the parameterd, J,, J., 4,

and scale factor are fixed at the values as determined above.
The temperature dependences are fitted with the RPA calcu-
lation reasonably well although the observed intensity de-

where¢p=27L 35, Q=g+ 7 (7is a reciprocal wave vectpr

R is the vector connecting individual spins within a dimer,
andp is a vector connecting the two sublattices, namely, the
two nearest-neighbor Gt spins between the adjacent
chains.R and p are shown in Fig. 7. The fact¢id —cos@Q

-R)] can be seen in the structure factor for isolated dimers.
The acoustic and optic modes can be distinguished by the
factor [1*=cos(p- 7+ ¢)]. The solid and broken lines in
Figs. 3b), 4(b), 50b), and Gb) represent the energy-
integrated intensities of the acoustic and optic modes calcu-
lated using Eq(3), respectivelyd, J,, andJ. are fixed at the
values mentioned abové.is fixed at 0.77, which was deter-
mined by x-ray measurements at 50'KOnly adjustable
parameter is the scale factor. The same scale factor was used
for the intensities at (2,0), (3,0L), (H,0,—0.2), and
(H,0,—0.7). The energy-integrated intensities are described
with the RPA theory reasonably well.

3. Temperature dependence

Figure 8 shows consta@- scans at (2,6;0.1) and
(2,0,—0.6) as a function of temperature. The solid lines are
the fits to two Gaussians. In the fitting the higher excitation
energy at (2,0;0.1) and the lower excitation energy at
(2,0,—0.6) are fixed, which is confirmed with more intense

12.0 NS S ——
14.0} ]
i 0 (2,0,-0.6)
185} .
s11.0f ~
E E 130f 1
=105F =
] B125 1
2 100f 2
ui u 12,0 .
85 e B
(2,0,-0.1) 15 ]
90 L L L L L 1 1 L L L

50

N [ S
(=) o o

Intensity (arb. units)

—_
o

0

FIG. 9. Temperature dependence of the energy-integrated inten-
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excitation peaks at (3,8,0.1) and (3,0-0.6). It was as- sity and energy of the gap excitations at (2,0,1) and (2,0,
sumed that the peak width and the intensity ratio of the two-0.6) in Sk,Cu,,0,;. The solid lines are fits to Eq$2) and (3).
excitations are temperature independent. Temperature deperhe inset shows the calculated dispersion at 15 and 100 K.
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creases more quickly than the calculated intensity does. This Sr,;Ca;Cu,,0,; T=8K
indicates that other factors in addition to thermal fluctuations 150 e e er e 150 e e remr e rrr e
disturb the dimers and the ordering of Cuand ZR singlet. = [@0-0.15) = [(3,0-0.30)
A gradual destruction of the ordering with increasing tem-  E E
perature suggested by NMR(Ref. 5 and x-ray g100 1 groor ]
measurement8 might cause the behavior. £ £
‘8’ 50 + + B ‘8" 50
£ £
4. Discussion g 4 g
Now we discuss the relation between magnetic dimeriza- = glowwiin. S ol
tion and structural distortion. As mentioned in Sec. I, Cox 246 3(,:,%\})2 1416 18 2468 g(;“;‘}f 1416 18
etal'® performed synchrotron x-ray measurements on 150 (rrepree e e 150 rerrorrrrer ey
S, Cw 04 and observed superlattice Bragg peaks at =  [(3,0,0.35) = 30075
(0,0)/4) and (0,d/2) that originate from a structural distor- E E
tion in the chain. This lattice distortion is probably related ~ £7%°r 2100
with the NMR result3*’ since the superlattice intensity also € ¢ £
decreases gradually with increasing temperature. It should be 8 .1 4 wl S,
pointed out that the x-ray experiments properly detected the ‘E A + g
coupling along thea axis but there is some disagreement & g
a_llong thec axis. As meptioned above, thg structurgl Qig'gor— - O s 0T 1A 16 s - R P YRTYT
tion has correlations with two and four times periodicities E (meV) E (meV)

along thec axis although magnetic dimers have correlations FIG. 10. Tvpical inelasti ‘ tra at (BYat 8 K |
with five times periodicity. A discrepancy between magnetic - 10. Typical inelastic neutron spectra at (B)0at 8 K in
and structural correlations was also reported in the spinfc'rllca?’cuz“o“l' The solid lines are the results of fits to a single

- - 4 . o Gaussian or two Gaussians.
Peierls state in CuGe3* The magnetic excitations have a

minimum energy at (0,%) but a superlattice reflection at retical studies to explain the hole ordering and the dimerized

(3,1.1). An important point is that the x-ray results are for Stat€ in S.CupO4y are highly desirable.
the ground state and neutron results are for the excited state.
We have shown that the dimer model shown in Fig. 7
explains the magnetic excitations reasonably well. The We have also studied the substitution effect on the dimer-
dimerized state is ascribed to the ordering of Cand a ZR ized state. The dimerized state in the chain is most stable in

singlet that originates from an ordering of the localizedpure S§,Cu,,04;. When Y is substituted for Sr, the number
holes. Hole ordering or charge ordering occurs in variotis 3 of the holes is decreased and the number of the' Gpins is
transition-metal oxides. A quasi-two-dimensional hole orderincreased. It was reported that Y substitution makes the mag-
ing of the doped holes was reported i, N8O, , 5 (Ref. 35 netic excitation peaks broad&As mentioned in Sec. I, the
and Ley_x_yNdXSryCqu.36 In the phase a static ordering of Ca substitution for Sr also reduces the number of the holes in
antiferromagnetic stripe is separated by charge-ordered dahe chain gradually=*! Therefore, the Ca substitution is ex-
main walls. In the latter compound the ordered phase can begected to affect the dimerized state in the chain.

described as a stripe ordering of Cuand ZR singlet. Man- Figure 10 shows typical inelastic neutron spectra at
ganese oxides, for example, LgCaMnO3, also show a (3,0L) measured 8 K in Sr;CaCuw,40,;,. The magnetic
charge ordering of Mi" and Mrf* .3’ In this system spin, excitation peaks become broader with Ca substitution, which
charge, and orbit3f degrees of freedom are closely related, is similar to the case of Y substitutiGilt is noted that two
which results in interesting phenomena such as colossa&xcitation branches are hardly resolved. However, the exci-
magnetoresistancg. NaV,0s, which consists of two-leg tation energies are similar to those in &u,,0,;. The solid
ladders of vanadium ions, has been studied extensively sindmes at (3,0;-0.15), (3,0,-0.30), and (3,6, 0.35) are fits

it shows a singlet ground state below 34*KThe phase to two Gaussians and that at (3;®.75) is a fit to a single
transition was first considered to be a conventional spinGaussian by assuming that the dispersion relation is the same
Peierls transitio! But the detailed inelastic neutron- as thatin Sy,Cu,,O4;. The spectra are reasonably described
scattering experiment using a single-crystal sample revealedith the simple model. As mentioned in Sec. Il A, the aver-
that the magnetic excitations in the dimerized phase couldged excitation energy, the bandwidth of each excitation
not be understood by a simple one-dimensional dimerizedhode, and the energy difference between the acoustic and
model??> NMR experiment also indicated a charge orderingoptic modes almost correspond dp2J., and 2, respec-

of V4" and \P* at the transitiof® Stimulated by these ex- tively. This indicates that the coupling constadts),, and
perimental findings, new approaches to understand the origif, are almost unchanged with Ca substitution although the
of the phase transition have been made theoretié&fSitis  dimerized state becomes unstable. This behavior would be
claimed that the transition is indeed closely related with aexplained as follows. The hole ordering sensitively depends
charge ordering of ¥ and \P" ions. These various prop- on the hole number. Accordingly, the long-range dimer for-
erties suggest that an intimate connection between holehation becomes disturbed with Ca or Y substitution.

charge ordering and magnetic ordering is a common feature In Sr,_,Y,Cw,40,4; System, magnetic excitations are re-
in the strongly correlated @ transition-metal oxides. Theo- markably affected with Y substitutiol?:?® In the x=0.25

B. Substitution effect in Sr4_,Ca,Cuy,0,41 (X=3)
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sample the excitation peaks become broader although thes the integrated intensities can be reasonably described by
dispersion relation is almost unchanged. This result suggesBPA calculation withJ=11 meV,J.=0.75 meV, andl,
thatJ, J., andJ, are almost unchanged although the hole=0.75 meV. The dimer configuration indicates a quasi-two-
ordering is disturbed with a small amount of Y. In tke dimensional hole ordering, which results in an ordering of
=1 sample the excitation peaks become much broader, sugaagnetic Céd* with S=2 and a nonmagnetic ZR singlet.
gesting that the hole ordering becomes more unstable. Aihe hole ordering and the dimerized state are most stable in
interesting behavior is that the averaged energy of the tw&r,Cu,4,0,4;,. The Ca substitution for Sr sites makes the ex-
excitations becomes reduced+® meV, indicating thatl  citation peak broader probably because the hole ordering be-
is decreased in ${Y,Cu,,O4;. The changes of the band- comes unstable and the long-range dimer formation becomes
width of each excited state, the difference in energy betweedisturbed.
two excited states, and the periodicity of the dispersion rela-
tion are difficult to determine because the peaks are too
broad to be resolved as two excitations. A puzzling feature is
thatJ is decreased in $§Y ;Cu,40,,; although the lattice con- We would like to thank D. E. Cox, R. S. Eccleston, H.
stantc, which affects the exchange constant, is almost indeEisaki, K. Katsumata, S. M. Shapiro, M. Takigawa, and A.
pendent of Y concentratioff. Zheludev for stimulating discussions. This study was sup-
When the holes are removed further, the hole orderingorted in part by the U.S.-Japan Cooperative Program on
cannot be observed anymore and a long-range magnetic dieutron Scattering operated by the United States Department
dering appear®2334The CuQ chains in the hole-removed of Energy and the Japanese Ministry of Education, Science,
Sn4Cu40,4; can be considered as ferromagnetic spin chain$ports and Culture and by a Grant-in-Aid for Scientific Re-
that weakly interact with antiferromagnetic interchain cou-search from the Japanese Ministry of Education, Science,
pling along thea andb axes. Sports and Culture. Work at Brookhaven National Labora-
In conclusion, neutron-scattering experiments have beetory was carried out under Contract No. DE-ACO02-
performed on SrCu,,0,; in order to study the dimerized 98CH10886, Division of Material Science, U.S. Department
state in the Cu@chains. Thav-Q dispersion relation as well of Energy.
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