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Ca4Cu5O10: Copper oxide chains highly occupied by Zhang-Rice singlets
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The crystal structure of Ca21xY22xCu5O10 consists solely of one-dimensional copper-oxygen chains made
from CuO4 squares sharing edges. Over the range ofx between 0 and 2, here synthesized using high-pressure
oxygen annealing, formal copper valences between 2 and 2.4 can be obtained. All the members of the series are
electrically insulating. Magnetization measurements show long-range antiferromagnetic ordering nearx50,
with decreasingTN on increasingx, and the appearance of a new kind of short-range-ordered state forx greater
than 1.5. The high hole concentration regime represents the first observation of the magnetic and transport
properties of a mixture of Zhang-Rice singlets and magnetic copper on one-dimensional chains without the
complication of additional copper-oxygen units, and may be an excellent model system for studying their spin
and charge dynamics as a key to understanding the behavior of CuO2 planes in copper oxide superconductors.
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INTRODUCTION

Detailed understanding of the charge and spin dynam
in the electronically doped CuO2 planes central to the occur
rence of superconductivity in copper oxides remains elus
Recent exploration of spin-ladder compounds such
SrCu2O3 and~Sr,Ca!14Cu24O41 has forged a link between ex
perimental studies and first-principles calculations of the
pected properties of spin systems related to the C2
planes,1 but for the pure ladder compounds, electronic do
ing has not been possible.2–5 In the more complex com
pound,~Sr,Ca!14Cu24O41, doping is possible, even leading
superconductivity under some conditions,6 but the distribu-
tion of doped holes between the CuO2 chains and Cu2O3

ladders is complicated due to competition between the
potential hole acceptors.7–9 Here we present the results o
studies of the Ca21xY22xCu5O10 series of compounds, whic
have only one electronically active component—infin
chains of edge-linked CuO4 squares. To our knowledge, it i
the first compound to be reported in which such on
dimensional~1D! chains can be doped with holes witho
additional electronic complications. In contrast to the cha
of corner-linked squares common in high-Tc copper oxides,
where the exchange interaction (J) between Cu21 ions is
large due to 180° Cu-O-Cu superexchange,J for edge-shared
squares is greatly weakened due to the presence of 90
perexchange. The lower exchange coupling allows the h
temperature magnetic properties of the system to be pro
and reveals that the magnetic ground state crosses over
a Néel state to a new type of short-range-ordered state
function of hole concentration. The change in the magn
superexchange in this high hole concentration regime is
tributed to the presence of a very large number of Zha
Rice singlets,10 widely believed to be an important part o
the understanding of the CuO2 planes in cuprate.
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The compound Ca4Cu5O10 was identified11 as a low-
temperature phase, stable below about 750 °C, and
shown12 to be stabilized at higher temperature by applyi
oxygen pressures of 10 bars. Recently, the Sr analog of
compound was prepared at high pressure.13 Partial Y substi-
tution for Ca was reported,14,15 in the solid solution
Ca21xY22xCu5O10, with 0,x,0.8 in air at 1000 °C. The
structure for these phases is closely related to that
NaCuO2,

16 which contains edge-shared CuO4 squares form-
ing infinite CuO2 chains, with Na in distorted octahedral co
ordination between chains. In contrast to NaCuO2, where all
available octahedral sites are occupied with Na, the Ca an
containing phases have 20% fewer large cations per cop
leading to a complex, sometimes incommensurate relat
ship between the Ca/Y chain repeat distance and the
chain repeat distance.15 Figure 1 shows a schematic structu
for Ca4Cu5O10, where five CuO4, squares share edges alon
the chain parallel toa in the same distance that four C
repeat between the chains. The chains are stacked in a
gered fashion above one another with no intervening oxyg
and there is also no intervening oxygen between chain
the same layer. The separation between the Cu in the c
stacking direction is 3.4 Å, very close to that observed in
corner-shared chain compounds Sr2CuO3and Ca2CuO3.

Here we report the successful synthesis of the solid s
tion Ca21xY22xCu5O10 ~0,x,2! by high-pressure oxygen
annealing. The solid solution spans the range of formal c
per valences from Cu21to Cu2.41, allowing the observation
of the magnetic and electrical properties over a wide rang
hole concentration, 0 to 0.4–0.5 holes per Cu. One Cu4
plaquette is rendered nonmagnetic for each doped ho17

The effective interaction between magnetic sites becom
more antiferromagnetic with hole doping and the grou
state crosses over from a Ne´el state to a short-range ordere
state. Although the compounds become somewhat con
2678 © 1998 The American Physical Society
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tive with the introduction of holes, the holes are apparen
localized, with the materials remaining insulating, in dc me
surements, over the whole series.

SYNTHESIS AND STRUCTURE

Polycrystalline samples were prepared from high-pu
Y2O3, CaCO3, and CuO by solid-state reaction. Starting m
terials were mixed and heated in air at 900 °C for 12 h
Al2O3 crucibles. The products were then ground, pelletiz
and heated at 1000 °C in air for 120 h with several interm
diate grindings. High-pressure oxygen annealing was p
formed in a commercially available high-pressure furna
~Morris Research!. Pressed samples on gold foil were hea
at 1000 °C under oxygen pressure of 21565 bars for 48 h.
After being ground and pelletized, the treatment was
peated to insure complete reaction. Phase identification
carried out by powder x-ray diffraction with CuKa radia-
tion. Lattice parameters were calculated by the least-squ
method. The oxygen content on selected samples was d
mined by thermogravimetic analysis~TGA! under forming

FIG. 1. Schematic structure for Ca4Cu5O10. ~a! Projection onto
the ac plane,~b! perspective view along thea axis. Dotted lines
indicate the unit cell.
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gas ~5% H2/N2). The magnetization was measured using
superconducting quantum interference device~SQUID! mag-
netometer in the temperature range from 2 to 400 K. T
electrical resistivity was measured by a standard dc fo
probe method.

In air at 1000 °C, a solid solution of Ca21xY22xCu5O10
was formed in the composition range 0.03,x,1.0, roughly
consistent with the previous results obtained under sim
experimental conditions.14 Using the high-pressure oxyge
annealing process described above, the upper limit of
solid solution could be extended tox52.0, Ca4Cu5O10. The
powder x-ray diffraction pattern for all samples could
indexed on the basis of an orthorhombic Fmmm subc
a;2.8 Å, b;6.25 Å, andc;10.6 Å, which averages out th
incommensurability of the supercell, but characterizes
essential structural features relevant to the present dis
sion. Figure 2 shows composition dependence of the sub
lattice parameters for samples prepared in this study,
gether with the previous results. Reflecting the difference
ionic radii for Ca21 ~1.0 Å! and Y31 ~0.9 Å!, the variation of
the subcell parameters in the solid solution range is smal
2, and 0.1 % for thea, b, andc axes, respectively. The large
Ca radius influences the structure by increasing theb axis,
and the introduction of holes effectively compresses
CuO2 chains~alonga), decreasing the Cu-O-Cu bond ang

FIG. 2. Composition dependence of the subcell lattice para
eters for the solid solution Ca21xY22xCu5O102d .
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The composition dependence is different for samples p
pared in air and those prepared under high-pressure oxy
except for theb axis. Preliminary TGA studies show this
due to a small difference in oxygen content forx,1 for
samples prepared in different ambient atmospheres. Fo
measurements of the magnetic and electrical properties
scribed below, we employed a series of samples prep
under high-pressure oxygen with the exception ofx50,
which could be synthesized in considerably higher purity
air. The essential features of the magnetic properties w
insensitive to the small changes in hole concentration
duced by the oxygen stoichiometry differences obtained
different synthetic conditions. The study of detailed pha
relations and oxygen stoichiometry as a function of oxyg
pressure and temperature is in progress, and will be repo
elsewhere.

MAGNETIC AND ELECTRICAL PROPERTIES

Holes introduced into a CuO4 plaquette such as thos
which share edges to form the chains in the current co
pounds occupy mainly the oxygenp orbitals which are hy-
bridized with the Cud states. The spin of the hole on th
oxygen square couples antiferromagnetically to that of
Cu, canceling its spin, thus rendering the CuO4 unit nonmag-
netic, as pointed out by Zhang and Rice~a Zhang-Rice
singlet!.10 Figure 3 shows the temperature dependence of
magnetic susceptibility per Cu for several members of
series from the undoped case (Y2Ca2Cu5O10) to the maxi-
mally doped case (Ca4Cu5O10). At first glance, the overal
shape ofx(T) is seen to be that of spins coupled by a mo
erately weak interaction strength, i.e.,uJu/kB,100 K. For the
undoped compound Y2Ca2Cu5O10, the high-temperature par
(T.150 K! is well described by a Curie-Weiss law with
net effectiveantiferromagneticcoupling u of 24.560.7 K
and a powder averagedg factor of 2.2560.03. In
La6Ca8Cu24O41, which has similar Cu-O chains, the net i
teraction isferromagnetic,9 u510 K, likely due to the fact
that the Cu-O-Cu bond angle in the 14:24:41 phase is clo

FIG. 3. Temperature dependence of the magnetic susceptib
for several samples in the Ca21xY22xCu5O10 solid solution.
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to 90° than in the present compound. Ferromagnetic
coupled edge-shared chains are also observed in Li2CuO2.

18

For the composition range 0,x,1, the magnetic suscepti
bility curves show a well-defined cusp at low temperatur
indicative of long-range antiferromagnetic order.~For the
sample withx50, a small anomaly was observed as a sho
der near 10 K due to the presence of a small amount~'1%!
of highly magnetic Y2Cu2O5. With increasing x in
Ca21xY22xCu5O10, the data showTN to decrease and the
disappear nearx51 due to the introduction of holes:TN
528, 24, and 16 K forx50, 0.5, and 1, respectively. Abov
x51.5, broad maxima appear in the susceptibility curv
(Tmax). The value ofTmax increases with increasingx, reach-
ing 3261 K for Ca4Cu5O10 (x52.0). This feature in the
susceptibility represents the magnetic response of the c
system with a high concentration of Zhang-Rice single
4–5 of every ten CuO4 plaquettes. The tentative magnet
phase diagram based on these data is shown in Fig. 4~a!.

Due to the weak magnetic interactions in these co
pounds, the magnetic susceptibility at high temperatures
measure of the concentration of magnetic copper, and ca
employed to determine the effectiveness of the chem
doping in the introduction of holes and the cancellation
Cu spins on the chains. The high-temperature susceptibil
decrease in a precise and systematic manner with increa
Ca content, shown in Fig. 4~b!, for T5300, 350, and 400 K.

ity

FIG. 4. ~a! Tentative magnetic phase diagram f
Ca21xY22xCu5O10, ~b! composition dependence of the magne
susceptibility per Cu for several high temperatures, showing
scaling of the chemical and electronic doping and Curie-like c
tribution at low temperature.
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The values for Ca4Cu5O10 are, within an experimental erro
of a few percent, 50% of those found for Y2Ca2Cu5O10. Thus
the high-temperature susceptibilities are slightly lower th
what is expected for a straightforward introduction of exac
one nonmagnetic copper per doped Ca and a constant ox
content across the series of exactly ten oxygen per form
unit. A small oxygen nonstoichiometry,'2–3 %, would ac-
count for the somewhat increased effectiveness in spin
cellation observed upon introduction of Ca. Also shown,
the lower right corner of Fig. 4~b! is the magnitude of a sma
Curie-like contribution ofx(T) observed at the lowest tem
peratures forx.1.5 but not forx,1.5 ~i.e., only in the high
hole concentration regime!. This ‘‘impurity’’ contribution
corresponds to 2.760.4% of free Cu moments forx51.5 and
decreases linearly as a function of Ca concentration, to z
for Ca4Cu5O10. These free spins are not likely to be due
the presence of chemical impurities, which were not detec
in the x-ray-diffraction experiments, but rather are mo
likely due to special sites on the Cu-O chains which
neither compensated by a hole nor participating in the sh
range antiferromagnetic order. Similar magnetic defect s
were also observed in the related compou
(Sr,Ca!14Cu24O41.

9

Given the excellent scaling@Fig. 4~b!# between the num-
ber of chemically doped holes and the number of magn
Cu, thex(T)data can be replotted as susceptibility per m
netic copper,x8 to separate the effects of dilution from th
effects of changing interactions. This is presented in Fig
Above approximately 250 K the data are independent of
content, as described above, while at lower temperatures
differ markedly. There is very little difference between t
data for samples withx between 0 and 1 over the who
temperature range, except for a decrease inTN as would be
expected for a simple dilution of spins. On approach
Ca4Cu5O10, however, the susceptibility per magnetic copp
decreases significantly and the sharp peak characterist
long-range order gives way to a broad, rounded maximum
32 K.

The changeover in response of the magnetic Cu with h
concentration is further illustrated in the inset, for which t

FIG. 5. The temperature dependence of the magnetic susc
bility per magnetic Cu,x8(T), for Ca21xY22xCu5O10. Inset, the
x8(T)3T product as a function of temperature and composition
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x8(T)3T product per magnetic Cu is shown as a function
temperature for all compositions. For temperatu
independent spins, and temperatures far above the effe
interaction temperatureu, this product will be temperature
independent. This is seen to be true for the present case,
the additional fact that the scaling of the magnetism throu
the number of chemically doped holes is a good descrip
of the system. At high temperatures, all compositions
proach a constantx83T of 0.472, corresponding to a pow
der averagedg factor of 2.2560.03. There is very little dif-
ference inx83T for different hole doping levels in the Ne´el
state regime, forx between 0 and 1, indicating essential
unchanged interactions among the magnetic Cu. At low te
peratures for Y0.5Ca3.5Cu5O10 and Ca4Cu5O10, however,x8
3T falls significantly below the other curves. This indicat
an increase in the effective antiferromagnetic interact
among the magnetic Cu in the high hole concentration
gime.

At low-doped Ca concentrations, the sharp drop inx(T)
indicates the development of long-range antiferromagn
order, which is rapidly lost beyond a doping level of 0
holes per Cu. For a purely one- or two-dimensional~2D! S
51/2 Heisenberg magnet, the Ne´el state is not expected, an
thus reflects the presence of residual magnetic interacti
which arise from the coupling to adjacent chains. It is re
sonable to expect that the coupling between chains in
present case is similar in magnitude to that observed in o
chain compounds such as Ca2CuO3 and Sr2CuO3, where the
interchain coupling is on the order of 10 K. In those com
pounds, with corner-shared CuO plaquettes, and thus
proximately 180° Cu-O-Cu bonds, the intrachain coupling
very large, 1000–2000 K,19–22 compared to the interchain
coupling: in edge-shared plaquette system such as
present one, they can be of the same magnitude.

When holes are introduced into the chains
Ca21xY22xCu5O10 by Ca doping beyondx51, the magnetic
interactions are drastically altered:x(T) becomes character
istic of that of short-range order in low-dimensional ma
netic systems. At our maximum doping level, nearly one
every two CuO4 plaquettes is occupied by a nonmagne
Zhang-Rice singlet. These singlets, which involve holes
the oxygenp orbitals therefore are found to greatly influen
the superexchange pathways between the remaining m
netic CuO4 plaquettes. As is clearly seen by considering t
data presented in Fig. 5, the effect is different from wha
found for a simple dilution of spins, such as is observed
the low hole doping regime. The detailed functional form
x(T) for Ca4Cu5O10, however, is not that commonly foun
to describe either 1D chain or 2D plane magnetic syste
with only nearest-neighbor Heisenberg interactions.
tempts were made, without success, to fit the observedx(T)
for Ca4Cu5O10 to magnetic models such as those for altern
J linear chains,J12J2 linear chains, and weakly interactin
uniform chains. These models could not simultaneously
scribe the temperature of the maximum and the rela
broadness of the peak. To our knowledge there has bee
study of the expected behavior of such a dense mixture
magnetic spin of Cu and nonmagnetic singlets distributed
chains. It is not known at this time whether there is a
structural ordering—either long-range or short-range—of
magnetic singlets. Depending on how the singlets are

ti-
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dered or disordered on the chains or between chains,
resulting interchain coupling may be comparable or lar
than the intrachain coupling. For~Sr,Ca!14Cu24O41, the mag-
netic Cu mixed with Zhang-Rice singlets on the chain co
ponent of the structure have been shown to order into s
singlet dimers at certain lattice sizes and ho
concentrations.9 In the present case, in which there can be
mediating electronic interactions due to the presence of o
Cu-O components, such as ladders, the behavior
different—no dimerization is observed.

The temperature dependence of the dc resistivities
polycrystalline samples are shown in Fig. 6. The overall
sistivities are high, and increase with decreasing tempera
Even for Ca4Cu5O10, which has a hole doping of approx
mately 0.5 holes per Cu, the resistivity of'40 V cm is about
five orders of magnitude larger than that of metallic cupra
at similar doping levels. The data suggest that the functio
form of s(T) is dependent on hole concentration, chang
in character at the same doping level where the magn
susceptibility changes. This is better illustrated in Fig.
which shows the variation of log10s with 1/T1/2. Power-law
plots of the type log10s vs 1/T1/n for nÞ2show curvature for
all compositions. For hole doping levels between 0.0 and
per Cu, where the magnetic interactions are well describe
a conventional picture,s(T) follows the behaviors(T)
}exp(T21/2) very closely, characteristic of variable rang
hopping in a 1D system. Because the resistivity involves r
charge transfer along the Cu-O chains, and as there ar
Cu-O bridges between the chains, the 1D resistivity beha
is expected. For larger hole doping however, where the m
netic interactions have changed,s(T) does not follow
exp(T21/2). Shown in the inset of Fig. 7 is also a plot o
log10s(T) vs 1/T for Ca4Cu5O10. The resistivity for this ma-
terial more closely follows that of thermally activated co

FIG. 6. The temperature dependence of the electrical resist
for polycrystalline samples of Ca21xY22xCu5O10.
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duction across a gap,s(T)}exp(2D/kBT) with D'0.08 eV,
similar in magnitude to that seen for polycrystallin
(Sr,Ca!14Cu24O41 under ambient pressure.9 Thus these pre-
liminary data suggest a crossover in the transport prope
to activated behavior in the Zhang-Rice singlet regime. S
nificantly, we find no indication in the resistivity of charg
ordering along the chains such as is seen
~Sr,Ca!14Cu24O41. Further studies of the transport properti
of single crystals will be required to confirm the data fro
polycrystalline samples and clarify the behavior.

CONCLUSIONS

We have identified and studied the simplest Cu-O ch
compound with edge-sharing CuO4 plaquettes which can be
significantly doped with holes. We find the magnetic grou
state to cross over from a Ne´el state at low hole concentra
tions to a short-range ordered~spin-liquid-like! ground state
at high hole concentrations. We show that this is the resul
hole-induced changes in the magnetic coupling, and ass
ate the changes with the modification of superexchange p
due to the presence of Zhang-Rice singlets. The relative c
tallographic simplicity, along with the strength and sign
the magnetic interactions, make this compound series an
cellent model system for linking experimental and theoreti
studies of the spin and charge dynamics in electronic
doped low-dimensional copper oxides.
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ty FIG. 7. Log plot of the electrical conductivitys vs 1/T1/2 for
polycrystalline samples of Ca21xY22xCu5O10. Shown also, for
Ca4Cu5O10 is a plot of lns vs 1/T.
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