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Magnetic excitations from the edge-sharing CuO2 chains in Ca2Y2Cu5O10
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Neutron inelastic scattering experiments were performed on the quasi-one-dimensional magnet
Ca2Y2Cu5O10, which consists of the ferromagnetic edge-sharing CuO2 chains. The magnetic excitation peak
width in energy becomes broader with increasingQ along the chain although sharp excitations are observed
around the zone center and perpendicular to the chain. We revealed that the anomalous magnetic excitation
spectra are caused mainly by the antiferromagnetic interchain interactions.
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One-dimensional~1D! cuprates have been studied exte
sively because they are a good realization of spin1

2 1D mag-
nets, which show novel phenomena originating from qu
tum fluctuations. Recently, copper oxides with edge-sha
CuO2 chains, in which copper spins are coupled by t
nearly 90° Cu-O-Cu interaction, were found to exhibit va
ous interesting phenomena. The sign and the absolute v
of the exchange interaction between copper spins dep
sensitively on the bond angle and the distance between
per and oxygen ions.1 The chains in CuGeO3 have an anti-
ferromagnetic interaction and show a spin-Peierls transi
at a low temperature.2 On the other hand, in Li2CuO2, the
Cu21 spins order ferromagnetically in the chain below 9
K.3 In Sr14Cu24O41, the Cu ions in the chain show a uniqu
dimerized state which is driven by a hole ordering.4–7

The Ca21xM22xCu5O10 (M5Y, Nd, and Gd! system
consists of the edge-sharing CuO2 chains.8,9 A schematic
structure of the edge-sharing CuO2 chains is shown in Fig. 1
In the end material Ca2Y2Cu5O10, the Cu21 ions align fer-
romagnetically along the chain (a axis! below ;29 K.10,11

The ferromagnetic chains are coupled ferromagnetic
along theb axis and antiferromagnetically along thec axis.
The ordered moment of copper is;0.9mB at low
temperatures,10,11 similar to the full magnetic moment of th
free Cu21 ion. An important feature of the edge-sharin
CuO2 chain is a possible frustration between neare
neighbor ~NN! and next-nearest-neighbor ~NNN!
interactions.1 Another characteristic feature of this com
pound is the existence of the antiferromagnetic interacti
perpendicular to the chain.

In classical magnets, magnetic excitations are sh
throughout the whole Brillouin zone. However, frustratio
and interchain coupling affect the magnetic excitations in
coupled edge-sharing CuO2 chains, as reported by Mizuno
Tohyama, and Maekawa using the exact diagonaliza
technique.12 They predicted that the magnetic excitations
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Li2CuO2 ~Ref. 13! are well-defined around the zone cent
but the excitations become broader with increasingQ due to
the combined effect of frustration by the NNN interactio
and the quantum fluctuation by the interchain interaction
has not been confirmed yet whether or not the calcula
explains the experimental results. Therefore, it is import
to study other compounds with the edge-sharing Cu2
chains in order to elucidate the validity of the calculation
well as the effect of frustration and the interchain interactio

In this paper we studied the magnetic interactions
Ca2Y2Cu5O10 using the neutron-scattering technique. It
found that the magnetic correlation in the long-range orde
state is realized to be commensurate because the NNN i
action is very small. However, the magnetic excitations
affected considerably. The excitation peak width in ene
becomes broader with increasingQ along the chain although
sharp excitations are observed around the zone center
perpendicular to the chain. This experimental result is rep
duced qualitatively using the exact diagonalization te
nique. It is revealed that the anomalous broadening on

FIG. 1. Structure of the edge-sharing CuO2 chains in theac
plane~a! and in theab plane~b!. It is noted that oxygen ions are
located atz;60.125 in ~b!. Below TN529.5 K the Cu21 spins
align ferromagnetically along the chain (a axis! with the propaga-
tion vectork5@001#. Ja1 , Jb , Jc , Jac1, andJab are NN couplings
along thea ~chain!, b, c, ~1/2,0,1/2!, and~1/2,1/2,0! directions, re-
spectively.Ja2 is a NNN coupling along thea axis. Jac2 is a cou-
pling along~3/2,0,1/2!.
©2001 The American Physical Society03-1
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magnetic excitations is caused mainly by the interchain
teractions in Ca2Y2Cu5O10.

The single crystal of Ca2Y2Cu5O10 was grown by the
traveling solvent floating zone~TSFZ! method in air. The
dimensions of the rod shaped crystal were;6F325 mm3.
The lattice constants werea52.810 Å, b56.190 Å, and
c510.613 Å at room temperature, which are consistent w
those of the polycrystalline sample.8,9 TN is determined to be
;29.5 K from the temperature dependence of the magn
Bragg peak intensity, which is also consistent with that of
polycrystalline sample.10,11 The detail of the crystal charac
terization is described elsewhere.14

The neutron-scattering experiments were carried out
the thermal neutron three-axis spectrometer ISSP-PON
installed at JRR-3M at the Japan Atomic Energy Resea
Institute. The horizontal collimator sequence w
408-408-S-408-808 with the fixed final neutron energyEf
514.7 meV. Contamination from higher-order beams w
effectively eliminated using PG filters. The single cryst
which was oriented in the (H0L) or (HK0) scattering plane
was mounted in a closed cycle refrigerator.

Figure 2 shows the typical neutron inelastic spectra
(H0L) and (HK0) in Ca2Y2Cu5O10 measured at 7 K. A
sharp excitation peak is observed at~0,0,1! and ~1,1,0!,
which correspond to the magnetic zone center. The s
lines are the results of fits to a convolution of the resolut
function with a LorentzianG/@G21(v2v0)2#, whereG and
v0 are inverse lifetime of magnetic excitations and excitat
peak position, respectively.G is calculated to be less than 0
meV so that the peak width is resolution limited. The peak
~0,0,1! is slightly asymmetric and has a tail at higher en
gies due to the resolution effect. At~0.1,0,3! the excitation
peak is still sharp and almost resolution limited. On the ot
hand, at~0.125,0,3! the excitation peak is broadened. Theh
dependence ofG is shown in the inset of Fig. 3~a!. With
increasingh, the peak width becomes broader and no disti
excitation peak is observed aboveh50.2. On the other hand
the excitation peaks along theb and c axes are sharp an
almost resolution limited as shown in Figs. 2~f! and 2~h!.
This indicates that the magnetic excitations are sharp aro
the zone center and perpendicular to the chain but bec
broader with increasingQ along the chain (a axis!.

Figure 3 shows the observed excitation energies alonh,
k, and l. As mentioned above, we could only observe lo
energy excitations along the chain (a axis! as shown in Fig.
3~a! since the excitations are broadened at higherQ and
higher energies. Along theb andc axes, we determined th
full dispersion relation as shown in Figs. 3~b! and 3~c!. The
dispersion along theb axis is almost flat, indicating that th
interaction along theb axis is very small.

In order to analyze the observed dispersion relation
used a model Hamiltonian that includes uniaxial anisotro

H5(
i , j

Ji , jSi•Sj1(
i , j

Ji , j
z Sj

z
•Sj

z . ~1!

In the calculation of the dispersion relation, we introduc
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NN couplingsJa1 , Jb , Jc , Jac1, andJab along thea ~chain!,
b, c, ~1/2,0,1/2!, and ~1/2,1/2,0! directions, respectively. In
addition to these interactions, a NNN coupling in the cha
Ja2, a coupling along~3/2,0,1/2! Jac2, and the anisotropic
interactions in theac planeDac and in theab planeDab are
introduced. The interactions are shown in Fig. 1. From
consideration of the crystal structure and the orbital confi
ration, it is found that1

2 Jac15Jac2.12 Applying the linear-
spin-wave theory, the dispersion of the magnetic excitati
is given by

FIG. 2. Constant-Q scans at (H,0,L) and (H,K,0) measured at
T57 K in Ca2Y2Cu5O10. The solid lines are the results of fits to
convolution of the resolution function with a Lorentzian. The sc
tering below 1 meV mostly originates from the incoherent scat
ing from the sample.
3-2
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v~q!5H FJa1~cosqa21!1Ja2~cos 2qa21!1Jb~cosqb21!

1Jc~cosqc21!12JabS cos
qa

2
cos

qb

2
21D12Jac1

12Jac22DG2

2S 2Jac1 cos
qa

2
cos

qc

2

12Jac2 cos
3qa

2
cos

qc

2 D 2J 1/2

. ~2!

The dispersion alongl in the (H,0,L) zone can be calcu
lated using onlyJc , Jac1 , Jac2, andDac . SinceJc is fitted to
be almost 0, it is fixed at 0. The solid curve in Fig. 3~c!
represents the result of a fit withJac152Jac2
51.494(3) meV andDac520.262(3) meV. The calcu
lated values reproduce the experimental result very well.
excitation gap at the zone center originates from the ea
axis uniaxial anisotropy along theb axis. At this momentum

FIG. 3. v2Q dispersion relation along thea ~chain!, b, andc
axes for the edge-sharing CuO2 chain in Ca2Y2Cu5O10. The solid
curves represent the theoretical ones withJa1526.9 meV, Ja2

50 meV, Jb520.061 meV, Jc50 meV, Jab520.030 meV,
Jac151.494 meV,Jac250.747 meV. The anisotropic interaction
are Dab520.399 meV in the (H,K,0) zone ~b! and Dac5
20.262 meV in the (H,0,L) zone ~a! and ~c!. The broken curve
represents the theoretical one withJa1528 meV, Ja250.4 meV,
and other interactions determined above. The inset in~a! shows the
h dependence of the intrinsic peak width in energy (G).
18040
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transfer ~0,0,1! only spin fluctuations along thea axis are
observed. We then calculated the dispersion alongk in the
(H,K,0) zone. The solid curve in Fig. 3~b! represents the
result of a fit with Jb520.061(6) meV, Jab5
20.030(3) meV, andDab520.399(1) meV. In the fitting,
Jac1 is fixed at 1.494 meV. At the zone center~1,1,0! scat-
tering originates mainly from spin fluctuations along thec
axis ~99.2%!. Dab is slightly larger thanDac , indicating that
the twofold degeneracy of the spin wave branches is lif
because of the orthorhombic anisotropy. Finally, the disp
sion alongh in the (H,0,L) zone is calculated. The solid lin
in Fig. 3~a! is the result of a fit withJa1526.9(1) meV
alone. Other interactions are fixed at the values determi
above. Without usingJa2, the observed data are reproduc
reasonably well. We then consideredJa2 in addition toJa1.
The broken line in Fig. 3~a! is the result of a fit withJa15
28(1) meV,Ja250.4(3) meV. Excitation energies aroun
the zone boundary increase when antiferromagnetic N
coupling is introduced. It is noted that both calculations
produce the observed data at low energies equally w
Since we have no data around the zone boundary, it is d
cult to distinguish which result is appropriate only from th
calculations. However, it is revealed from the experime
that Ja2 is small „Ja2 /uJa1u50.05(4)… even if it exists.

An anomalous feature in the dispersion along the chai
that the excitation peak becomes broader with increasingQ.
This behavior cannot be explained if only intrachain co
plings are considered sinceJa2 is small.15 The next step is to
clarify whether or not the interchain coupling affects t
magnetic excitations. For this purpose we have calcula
S(q,v) along the chain using the exact diagonalizati
method for a 1232 cluster. Detail of the procedure is de
scribed elsewhere.12 The result ofS(q,v) is shown in Fig. 4.
It is noted thatD, which does not affect the spectral structu
except the opening of a small gap,12 is not included in the
calculation. The excitation is well-defined around the zo
center. However, at qa<1.5p (h>0.25) and at v
.10 meV the excitations are broadened. This is consis
with the experimental result qualitatively, indicating that t
interchain coupling affects the magnetic excitations in

FIG. 4. S(q,v) along the chain (a axis! with Ja1528 meV,
Ja250.4 meV, andJac152Jac251.494 meV. The system has 1
32 sites, simulating the coupled edge-sharing chains
Ca2Y2Cu5O10. The d functions are convoluted with a Lorentzia
broadening of 0.3 meV. The thin solid curve denotes a mag
dispersion obtained by the linear-spin-wave theory.
3-3
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high energy region in Ca2Y2Cu5O10.
We compare the result in Ca2Y2Cu5O10 with that in

Li2CuO2. Ja1 andJac1 in Ca2Y2Cu5O10 are similar to those
calculated for Li2CuO2 (J1528.6 meV and Jc
51.4 meV, whereJ1 and Jc are NN coupling along the
chain and major interchain coupling, respectively!.12 How-
ever, both the sign and the absolute value ofJ1 are different
from those determined experimentally~0.24 meV!.13 Now it
is revealed that antiferromagnetic interchain interaction
fects the magnetic excitations considerably, it is natura
consider that in Li2CuO2 magnetic excitations along th
chain are also damped and no distinct peak is obse
above;2.5 meV~Ref. 13! due to the interchain interaction
Since NNN coupling along the chainJ2 is calculated to be
;40% of uJ1u in Li2CuO2, which is much larger than in
Ca2Y2Cu5O10, the magnetic excitations are damped at low
energies (;2.5 meV) in Li2CuO2 due to the combined ef
fect of frustration by the NNN interaction and the quantu
fluctuation by the interchain interaction.

In this study it is revealed that the broadening of the m
netic excitations is a characteristic phenomenon in the sp1

2

ferromagnetic chain coupled antiferromagnetically. This
havior has not been observed in weakly coupled antife
magnetic chains. In order to elucidate whether or not thi
characteristic only in the ferromagnetic chain, we calcula
S(q,v) also in antiferromagnetically coupled antiferroma
netic chains. It is found that broadening of the magnetic
citations is not distinct in this system and the broadening
predicted only around the zone boundary. It would be di
cult to observe the broadening experimentally since ad
tional scattering, which originates from the excitation co
a
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tinuum, is superposed. Details of the calculation will
published separately.16

We now consider interactions in Ca2Y2Cu5O10. Ja2 is
small and;5% of uJa1u. This is consistent with the com
mensurate magnetic correlations in the long-range orde
state. This value is, however, much smaller than that ca
lated using the exact diagonalization method (Ja2 /uJa1u
52.2).1 One reason for this discrepancy would be that
calculation was made on Ca5Cu6O12 which has the edge
sharing CuO2 chains similar to those in Ca2Y2Cu5O10. A
detailed calculation of the exchange constants using the
rameters appropriate for Ca2Y2Cu5O10 will give a better re-
sult. Another possibility would be that the smallJa2 origi-
nates from a slight lattice distortion in the chain, which cou
disturb the hopping between the NNN Cu sites so thatJa2 is
reduced. The sign and the absolute value of the major in
chain couplingJac are similar to those of the interchain cou
pling in Sr14Cu24O41 @1.7 meV~Ref. 6! and 0.75 meV~Ref.
7!#, which has an arrangement of the edge-sharing Cu2
chains similar to that in Ca2Y2Cu5O10. The anisotropic in-
teractionsDab andDac , which work to align the spins per
pendicular to the chain plaquettes (b axis!, are similar to that
in Li2CuO2 (20.31 meV).13 Similar magnetic anisotropy
is also observed in La142xCaxCu24O41.17,18

In summary, we studied the magnetic interactions
Ca2Y2Cu5O10 using the neutron-scattering technique. It
revealed thatJa2 is small. The most characteristic feature
that the magnetic excitations are broadened considerab
high Q’s and high energies mainly due to the interchain
teraction. This is characteristic in the spin1

2 ferromagnetic
chain coupled antiferromagnetically.
a,
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