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Abstract

Holes doped on edge-sharing CuO chains are almost localized because of nearly orthogonal Cu–O–Cu bonds. Consequently, only spin2

degrees of freedom survive at low temperatures, which sometimes presents unusual quantum magnetism. Quasi-one-dimensional cupric
oxides Ca CuO and Sr Cu O , both containing 25–50% hole-doped edge-sharing CuO chains, are studied by uniform magnetic12x 21d 14 24 41 2

susceptibility and specific heat measurements on a series of polycrystalline samples with controlled metal and oxygen contents. Most
spins are always dimerized in Sr Cu O , while, in contrast, antiferromagnetic chains made of nearly 50% spins exist with the14 24 41

remainder forming dimers of variable density in Ca CuO . A two-sublattice model is proposed by considering that the nearest-12x 21d

neighbor couplings are negligibly small, due to both geometrical frustration and the special Cu–O–Cu bond angle of |958.  2001
Elsevier Science B.V. All rights reserved.
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1. Introduction and Sr Cu O (Fig. 1b). The former type exhibits large14 24 41

antiferromagnetic interactions because of the linear Cu–O–
Low-dimensional Heisenberg antiferromagnets (HAFs) Cu bonds, while the latter shows rather complicated

with S 5 1/2 spins have attracted many solid state physi- magnetism. Fig. 2 shows magnetic susceptibility measured
cists because of their intriguing ground states where on powder samples for these compounds with edge-sharing
quantum fluctuations play a crucial role. Particularly CuO chains, where the magnitude and the temperature2

exciting is to observe what happens when localized spins dependence are very different among them. This implies
begin to move together with doped hole carriers. Cupric that magnetic interactions depend on subtle change in the
oxides have been found to present versatile materials for crystal structure. Mizuno et al. [3] have studied sys-
such studies. For two-dimensional systems, this was tematically the edge-sharing chain systems, and suggested
clearly demonstrated by finding high-T superconductivity that nearest-neighbor interactions J depends sensitively onC 1

in CuO planes, while another form of superconductivity the Cu–O–Cu bond angle u ; for example, J /k |2100 K2 1 B

discovered recently in Cu O ladder planes [1] illustrates (ferromagnetic) for Li CuO (u |948) and 140 K (anti-2 3 2 2

the rich mine of physics on the way from two-dimensional ferromagnetic) for CuGeO (u 5998). In contrast, next-3

to one-dimensional (1D) systems. However, there are few nearest-neighbor interactions J is always antiferromagnet-2

experimental reports on pure 1D CuO chains doped with ic, with values 62 K for Li CuO and 18 K for CuGeO .2 2 2 3

hole carriers, in spite of the many theoretical studies Note that J can be zero at a certain bond angle around1

available. u 5958.
Two kinds of CuO chains made of CuO squares are Among many compounds containing edge-sharing CuO2 4 2

known: a corner-sharing chain, as seen in Sr CuO , and an chains, (Ca,Sr) Cu O [4] and Ca CuO [5–7] are2 3 14 24 41 12x 2

edge-sharing chain as in many other cupric oxides such as especially interesting because they both have doped chains
Li CuO , CuGeO , GeCu O [2], Ca CuO (Fig. 1a), with variable hole number. Since the holes are almost2 2 3 2 3 12x 2

localized owing to small transfer integrals or large charge
transfer gaps [3], only spin degrees of freedom survive at
low temperature. This raises an interesting question of*Corresponding author.

E-mail address: hiroi@issp.u-tokyo.ac.jp (Z. Hiroi). what kind of ground states should appear as spins are
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Fig. 2. Magnetic susceptibility x of various compounds containing edge-
sharing CuO chains.2

decrease is too large to explain with a simple HAF chain
model, but too small to assume a perfect singlet ground
state with a gap in the spin excitation spectrum. Although a
new kind of short-range ordered state has been suggested
[12], this issue remains mysterious. Recently a 1D model
consisting of isolated, short segments with an even number
of spins, such as quartets, has been proposed on the basis
of the electron-spin resonance and magnetic susceptibility
measurements [15]. These authors analyzed susceptibility

Fig. 1. Structure of Ca CuO (a) and Sr Cu O (b) viewed in12x 21d 14 24 41 data after subtracting a very large Curie component, and
perspective along the CuO chains, which are made of CuO squares2 4 concluded that the ground state was nonmagnetic. On thelinked by their edges (c). The chain is illustrated schematically to show

other hand, Meijer et al. proposed a modified alternatingthe nearest- and next-nearest-neighbor interactions, J and J , respective-1 2

chain model [14]. A Sr analogue of this compound,ly. u is the Cu–O–Cu bond angle which is close to 958.

Sr CuO , reported by Karpinski et al. [16] seems to0.73 2

present the opportunity to study the opposite case of
extracted successively from a half-filled 1D HAF chain reduced spin density (N ), because the nominal N valueS S

down to a quarter-filled one, which is actually accessible in derived from the chemical formula is 0.46, close to
both compounds. In the 50 or 60% doped chains of quarter-filling. The susceptibility data reported for
Sr Cu O , it is believed that all the spins are dimerized Sr CuO show a broad maximum around 80 K, followed14 24 41 0.73 2

to form singlets on pairs of Cu sites separated by one by a ferromagnetic increase below 10 K [17], which led to
Zhang-Rice singlet site. Moreover, those dimers are or- the suggestion that the compound is composed of alternat-
dered with periodicity along the chains of four or five ing chains.
lattice constants [8,9]. Here we have prepared with care a series of poly-

On the other hand, in Ca CuO , which was previ- crystalline samples of Ca CuO with controlled metal12x 21d 12x 21d

ously studied in the forms Ca CuO [5], Ca CuO and oxygen contents. The metal composition was uniquely0.828 2 0.85 2

[6,10], Ca Cu O [11,12], Ca Cu O [13] and determined by measuring the superlattice period. The4 5 10 5 6 12

Ca CuO [14], the magnetic susceptibility shows a purpose of this report is to clarify the essential feature of0.83 2

broad maximum around 30 K and decreases rapidly at low the short-range ordered state in diluted spin chains of
temperature toward a large, non-zero value at T50. The Ca CuO .12x 21d
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Table 1
Summary of samples and parameters obtained by fitting the susceptibility and the specific heat data to the chain-dimer model

25 aSample Composition Data N N N N N J /k (K) J /k (K) x (10 emu/mol) /Q (K)N C D CW S C B D B 0 D

A Ca CuO x(T ) 0.732 0.466(2) 0.194(2) 0.023(2) 0.683 85.4(5) 48.8(3) 25.0(2)0.836 1.97

C(T ) 0.732 0.50(5) 0.251(2) – 0.75 90(5) 42.9(3) 327(3)

B Ca CuO x(T ) 0.664 0.473(1) 0.139(1) 0.024(1) 0.636 92.5(5) 50.8(3) 1.1(2)0.832 2.00

C(T ) 0.664 0.50(1) 0.180(5) – 0.68 76(2) 47.0(7) 305(1)

C Ca CuO x(T ) – 0.442(1) 0.102(1) 0.029(1) 0.573 98.0(3) 52.8(3) 21.2(1)0.810 21d
bC(T ) – 0.50(3) 0.015(6) – 0.52 64(3) 52.8 272(5)

cD Sr Cu O x(T ) 0.4 – 0.324(2) 0.016(1) 0.340 – 130.9(4) 4.4(2)14 24 41.0

a
x and Q for the x(T ) and C(T ) data, respectively.o

b Parameter was fixed to be that obtained from x(T ) data.
c It is assumed that holes exist only in the chain part.

2. Experimental probably due to a Curie-like contribution. However, it
seems impossible to ascribe the observed large residual

A series of polycrystalline samples of Ca CuO and susceptibility at T →0 only to such a small Curie-like12x 21d

Sr Cu O were prepared by the standard solid-state contribution. As the nominal spin density N decreases14 24 41 N

reaction method. For Ca CuO appropriate mixtures from sample A to C, the maximum x value decreases12x 21d

of CaCO and CuO powders were pressed and calcined at monotonically, while those at the lowest and the highest3

8008C in an oxygen flow for 1 week, with intermittent temperatures do not change appreciably. Moreover, the
grindings (sample A). In order to prepare more oxidized peak temperature does not shift significantly, suggesting
samples, high-pressure treatments were carried out: the similar antiferromagnetic couplings for all the samples.
starting powders were sealed in gold capsules with KClO In contrast, the x value of Sr Cu O shows a gap-like4 14 24 41

as an oxidizer, and treated at P53 GPa and T58008C (B), decrease below 80 K, followed by an upturn due to a Curie
and 4.5 GPa and 10008C (C). The samples thus obtained contribution at low temperature. This susceptibility mostly

21were investigated by means of powder X-ray diffraction shows the contribution from Cu spins on the chains,
(XRD) with graphite-monochromated CuKa radiation. The because the Cu O plane with a large spin gap of 400 K2 3

Ca content was decided on the basis of the structural should be almost magnetically inactive in this temperature
analyses [18]. It was found that the more oxidizing range. Fitting of the x data was performed assuming
preparation conditions resulted in larger x values as shown x 5 x 1 x 1 x , where x is a small, temperature-0 CW D 0

in Table 1. The compound showed also nonstoichiometry independent term, x is the Curie–Weiss (CW) contribu-CW

in oxygen content, depending on annealing conditions. The tion from N spins, and x is a contribution from dimersCW D

oxygen content of our samples A–C was determined consisting of N spins per mol Cu only in the chain partD

thermogravimetrically by measuring weight loss when a
sample was heated up to 8008C in a 95% N –5% H2 2

atmosphere. Magnetic susceptibility was measured be-
tween 1.8 and 400 K in an external field of 1 kOe in a
quantum design SQUID magnetometer (MPMS-XL). Spe-
cific heat was measured by the heat-relaxation method in a
temperature range between 1.7 and 50 K on a quantum
design physical-property-measurement-system (PPMS).

3. Results

Fig. 3 shows the temperature dependence of magnetic
susceptibility x for the three samples of Ca CuO and12x 21d

Sr Cu O . The former shows a broad, rounded maxi-14 24 41.0

mum at 30 K, followed by a large decrease at low
temperature, as reported previously. The broad maximum
indicates short-range antiferromagnetic correlations charac-

Fig. 3. Magnetic susceptibility of a series of the polycrystalline samples
teristic of low-dimensional HAFs, while the large decrease of Ca CuO with different metal and oxygen contents as well as that12x 21d

below 30 K suggests dominant singlet correlations at low of Sr Cu O . The solid line on each data set is a fit to the chain-dimer14 24 41.0

temperature. Below 4 K a small upturn is detected, model described in the text.
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which are coupled by the superexchange J . The results N is always nearly half of the Cu sites, and most of theD C

are summarized in Table 1. Note that the fitting converged remaining spins form dimers with a density which seems
well with small N and x , suggesting that most spins on to decrease with decreasing total spin density.CW 0

the CuO chains form dimers in Sr Cu O . In order to gain more insight into the unusual magnetism2 14 24 41

It is obvious in the case of Ca CuO that such a of Ca CuO , we have measured the specific heat C of12x 21d 12x 21d

simple dimer model is inapplicable. We have in fact tried the samples. Fig. 4b shows a graph C /T versus T between
to fit the data with the dimer model or the alternating chain 1.7 and 50 K for sample A. A sharp anomaly was found at
model and found that unacceptably large CW contributions 12.0 K, suggesting an onset of long-range magnetic order,
are always necessary to reproduce the data [18]. We have in good agreement with the recent results of Meijer et al.
reached, alternatively, more reliable and reasonable fit by [19]. They found a similar peak at 12 K for their
assuming a three-component model containing chains and Ca CuO . As the temperature is lowered from 50 K, the0.83 2

dimers as well as CW contributions: x 5 x 1 x 1 x 1 specific heat decreases as the lattice contribution falls, but0 CW C

x , where x is a contribution from Heisenberg anti- then exhibits an unusual upturn with a minimum around 22D C

ferromagnetic chains consisting of N spins coupled by the K. Such an upturn was not observed in the previous data.C

superexchange J . The results are excellent for the three This upturn cannot be explained by incorporating anC

samples with different spin density as shown in Fig. 3 and additional magnetic specific heat from the simple HAF
listed in Table 1. The details of fitting are shown also in chains. We believe that it is clear evidence for dimer
Fig. 4a, typically for sample A, where each contribution is contributions as derived from the x(T ) data.
shown separately. The most important implication is that Therefore, we have fitted the data using the same dimer-

chain model as in the x(T ) analyses: C 5 C 1 C 1 C ,L C D

where C , C and C are the respective contributions fromL C D

lattice, chains and dimers. For lattice contributions the
simple Debye model with the Debye temperature Q wasD

assumed. The best fit to the data for sample A between 15
and 50 K (Fig. 4b) was obtained with Q 5 327(3) K,D

N 50.50(5), N 5 0.251(2), J /k 590(5) K, and J /C D C B D

k 5 42.9(3) K. The Debye temperature of 327 K isB

smaller than the value (420 K) reported for the isomorph-
ous compound Ca Y Cu O [20]. But N (close to half)2 2 5 10 C

and N (to a quarter) are in reasonably good agreementD

with the values derived from the x(T ) analysis. Moreover,
the values obtained for J and J are also consistent withD C

the x(T ) results. Therefore, we conclude that the chain-
dimer model gives a plausible description for the magnet-
ism of the present heavily hole-doped CuO chains. Each2

contribution from lattice, chains, and dimers is depicted
separately in Fig. 4b. The upturn below 25 K is certainly
due to magnetic excitations from singlet to triplet states in
the dimers. The total magnetic contribution C wasm

calculated by subtracting C from the experimental data,L

and is plotted also in the figure. The total amount of
magnetic entropy between 1.7 and 50 K is 3.14 J /mol K,
which is 73% of the total entropy, N N k ln 2 5 4.32S A B

J /mol K (N 5 0.75). The amount of magnetic entropyS

which is already gained below the cusp (T 5 12.0 K) isN

0.7 J /mol K, which corresponds to only 17% of the total
magnetic entropy: most of the entropy has been lost by
short-range ordering above T , as generally seen in low-N

dimensional antiferromagnets.
The upturn is gradually fading away with increasing the

spin density as shown in Fig. 5, suggesting that the dimer
density is reduced. Then, finally it disappears completely
for sample C which may have spin density close to
quarter-filling. The result of fitting to the chain-dimerFig. 4. Fitting the (a) x(T ) and (b) C(T ) /T data for sample A to the
model is shown in Fig. 5 and presented in Table 1. Thechain-dimer model. The dotted curves in the bottom of these figures show

each contribution separately. calculated curves successfully reproduce the data above 15
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of J contributions to understanding their magnetic prop-2

erties has been emphasized by many authors. The im-
portant theoretical implications of the work by Mizuno et
al. are that J depends sensitively on the Cu–O–Cu bond1

angle u, while J does not [3]. In particular, J changes its2 1

sign at |958 from ferromagnetic (u , 958) to antiferro-
magnetic (u . 958). Then, it is natural to expect that J1

becomes negligibly small around a critical u value near
958. This must be the case for the present CuO chains in2

Ca CuO and (Ca,Sr) Cu O . The u value from a12x 21d 14 24 41

previous study on the average structure appears to be
94–958 [6]. As a consequence, one CuO chain at half-2

filling can be divided into two identical spin chains
connected antiferromagnetically by J , which couple to2

each other with a relatively small, frustrating zigzag
coupling J . Note that the frustration is always present1

apart from the sign of J .1

If J /k 5 0, the system would consist of identical,1 B

independent pairs of chains (sublattices) at half-filling
(N 5 1). In contrast, at quarter-filling, we expect that it isS

energetically favorable to put all the spins on one of the
sublattices forming a single chain, as depicted in Fig. 6a,
which may decrease the total magnetic energy and also
reduce the intersite Coulomb interactions compared to aFig. 5. Specific heat divided by temperature C /T for the series of

samples. The solid curve above 15 K shows the calculated specific heat. random distribution. This is considered to be charge
ordering on every Cu site, as discussed by Mutou et al.
[22]. In the actual situation for Ca CuO , N is12x 21d S

K in each sample. The N value is nearly half for all the variable between 0.5 and 0.75. The present analyses ofC

samples and the N decreases systematically from 0.25 (A) susceptibility and specific heat indicate that there areD

to 0.02 (C). The estimated total spin density N (5N 1 always (i) a chain consisting of spins on nearly one half ofS C

N ) is in very good agreement with the chemically the Cu sites with J /k | 90 K and (ii) dimers coupled byD 2 B

9expected N . J /k | 50 K, the number of which varies with N . ThisN 2 B S

means that the intermediate state consists of a perfect chain
on one sublattice and isolated dimers scattered on the other

4. Discussion sublattice. It is fully plausible that for sufficiently small
uJ u /J either adding spins to a quarter-filled CuO chain or1 2 2

The analyses of magnetic susceptibility and specific heat extracting spins from a half-filled chain keeps intact a
presented here have demonstrated clearly that the compli- perfect chain on the sublattice a, and creates or annihilates
cated magnetism of Ca CuO is quantitatively de- spins on the sublattice b. It is possible that a small amount12x 21d

scribed by assuming the coexistence of chains and dimers. of spins on the sublattice b tends to be phase-separated to
It is surprising that such well-defined spin chains are form small clusters such as dimers and trimers, rather than
realized in such heavily hole-doped CuO chains. It is also being scattered randomly, as depicted in Fig. 6b. A lattice2

unusual that chains and dimers are mixed on the same distortion expected from the lattice mismatch between the
CuO chains. We now discuss the physical background of Ca and Cu–O sublattices would help the formation of such2

the model, to elucidate a possible and interesting scenario clusters. The experimental results indicate that most of the
for this unique system. The arrangement of holes is spins form dimers.
apparently a key to the problem. We will start with the spin The relevance to the dimerized states found in the
Hamiltonian for N 5 1 (half-filling), H 5 J SS ? S 1 similar CuO chains of (Ca,Sr) Cu O is interesting. InS 1 i i11 2 14 24 41

J SS ? S , with the nearest- and next-nearest-neighbor the case of the pure Sr compound, N | 0.4 and all the2 i i12 S

couplings, J and J , as usually used to represent edge- spins are coupled into dimers which order with a period-1 2

sharing CuO chains. The problem is then the behavior of icity of five lattice constants as illustrated in Fig. 6c.2

this system as spins are extracted successively down to Remarkably, similar spin gaps were observed even for
N | 1/2 (quarter-filling). N | 0.7 in the Ca-substituted compounds. We believe thatS S

The electronic states of various compounds comprising the CuO chains in (Ca,Sr) Cu O can be described2 14 24 41

edge-sharing CuO chains have been studied extensively, also by the above two-sublattice model with J 4uJ u|0,2 2 1

particularly with regard to CuGeO [21]. The significance because u in Sr Cu O is 94.68 [23]. A substantial3 14 24 41
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Fig. 6. Chain-dimer (two-sublattice) model proposed for the edge-sharing CuO chains in Ca CuO . J and J correspond to those shown in Fig. 1c.2 12x 21d 1 2
21Spins of Cu ions are represented by arrows. Assuming J 4uJ u|0, possible spin arrangements are depicted for quarter-filling (x51/4, N 51/2) (a),2 1 S

intermediate-filling (x51/6, N 52/3) (b), and the case of Sr Cu O with N 52/5 (c).S 14 24 41 S

difference between Ca CuO and (Ca,Sr) Cu O is ence, Sports, and Culture, Japan, and by the CREST12x 21d 14 24 41

whether a 1D chain on one of the sublattices, or dimers on program (Core Research for Evolutional Science and
both of the sublattices, are preferred for quarter-filling. The Technology) of the Japan Science and Technology Corpo-
latter may be preferable in (Ca,Sr) Cu O , because ration.14 24 41

large lattice distortions with a nearly five-fold periodicity
are present there. Otherwise, a small difference in J might1

lead to a substantial difference in the ground state. References
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