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Ca,Cus0,4 Copper oxide chains highly occupied by Zhang-Rice singlets
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The crystal structure of Ga,Y,_,CusO;, consists solely of one-dimensional copper-oxygen chains made
from CuQ, squares sharing edges. Over the range bétween 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=Qear
with decreasin@ on increasing, and the appearance of a new kind of short-range-ordered statgfeater
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 [@ai®®s in copper oxide superconductors.
[S0163-182608)00329-4

INTRODUCTION The compound C&w0,;, was identified’ as a low-
temperature phase, stable below about 750 °C, and later

Detailed understanding of the charge and spin dynamicshowr? to be stabilized at higher temperature by applying
in the electronically doped Cuplanes central to the occur- oxygen pressures of 10 bars. Recently, the Sr analog of this
rence of superconductivity in copper oxides remains elusivecompound was prepared at high pressdreartial Y substi-
Recent exploration of spin-ladder compounds such asution for Ca was reportetf;'® in the solid solution
SrCu0; and(Sr,C3,4,Cw40,1 has forged a link between ex- Ca, Y, xCusOyq, With 0<x<0.8 in air at 1000 °C. The
perimental studies and first-principles calculations of the exstructure for these phases is closely related to that of
pected properties of spin systems related to the LCuONaCuQ,'® which contains edge-shared Cu€quares form-
planes! but for the pure ladder compounds, electronic dop-ing infinite CuQ, chains, with Na in distorted octahedral co-
ing has not been possibie® In the more complex com- ordination between chains. In contrast to NaGu@here all
pound,(Sr,Ca,4Cu,4044, doping is possible, even leading to available octahedral sites are occupied with Na, the Ca and Y
superconductivity under some conditidhbut the distribu-  containing phases have 20% fewer large cations per copper,
tion of doped holes between the CuyGhains and CyD;  leading to a complex, sometimes incommensurate relation-
ladders is complicated due to competition between the twship between the Ca/Y chain repeat distance and the Cu
potential hole acceptors® Here we present the results of chain repeat distanc@ Figure 1 shows a schematic structure
studies of the Ca_,Y,_,CusO;q series of compounds, which for Ca,Cus0;, Where five Cu@, squares share edges along
have only one electronically active component—infinitethe chain parallel taa in the same distance that four Ca
chains of edge-linked Cuquares. To our knowledge, it is repeat between the chains. The chains are stacked in a stag-
the first compound to be reported in which such one-gered fashion above one another with no intervening oxygen,
dimensional(1D) chains can be doped with holes without and there is also no intervening oxygen between chains in
additional electronic complications. In contrast to the chainghe same layer. The separation between the Cu in the chain
of corner-linked squares common in higQ-copper oxides, stacking direction is 3.4 A, very close to that observed in the
where the exchange interactiod)(between Ct' ions is  corner-shared chain compounds@rO;and CaCuOs,.
large due to 180° Cu-O-Cu superexchanbfr edge-shared Here we report the successful synthesis of the solid solu-
squares is greatly weakened due to the presence of 90° stien Cag .Y, ,Cus0;¢ (0<x<2) by high-pressure oxygen
perexchange. The lower exchange coupling allows the highannealing. The solid solution spans the range of formal cop-
temperature magnetic properties of the system to be probeger valences from Ciito Cu/#**, allowing the observation
and reveals that the magnetic ground state crosses over froofithe magnetic and electrical properties over a wide range of
a Neel state to a new type of short-range-ordered state as lole concentration, 0 to 0.4—0.5 holes per Cu. One £uO
function of hole concentration. The change in the magnetiplaquette is rendered nonmagnetic for each doped Yole.
superexchange in this high hole concentration regime is affhe effective interaction between magnetic sites becomes
tributed to the presence of a very large number of Zhangmore antiferromagnetic with hole doping and the ground
Rice singlets? widely believed to be an important part of state crosses over from & &lestate to a short-range ordered
the understanding of the Cy@lanes in cuprate. state. Although the compounds become somewhat conduc-
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FIG. 2. Composition dependence of the subcell lattice param-
eters for the solid solution Ga,Y,_,CuO4q_s-

Fhe_ac plane,(b_) perspective view along tha axis. Dotted lines superconducting quantum interference dev8®UID) mag-
indicate the unit cell. netometer in the temperature range from 2 to 400 K. The

_ _ _ _ electrical resistivity was measured by a standard dc four-
tive with the introduction of holes, the holes are apparentlyprobe method.

localized, with the materials remaining insulating, in dc mea- |n air at 1000 °C, a solid solution of Ga,Y,_,CuO;
surements, over the whole series. was formed in the composition range 0<08< 1.0, roughly
consistent with the previous results obtained under similar
experimental condition¥ Using the high-pressure oxygen
annealing process described above, the upper limit of the
Polycrystalline samples were prepared from high-puritysolid solution could be extended #=2.0, CaCusOy,. The
Y,0s, CaCQ, and CuO by solid-state reaction. Starting ma-powder x-ray diffraction pattern for all samples could be
terials were mixed and heated in air at 900 °C for 12 h inindexed on the basis of an orthorhombic Fmmm subcell;
Al,O; crucibles. The products were then ground, pelletizeda~2.8 A, b~6.25 A, andc~10.6 A, which averages out the
and heated at 1000 °C in air for 120 h with several intermeincommensurability of the supercell, but characterizes the
diate grindings. High-pressure oxygen annealing was peressential structural features relevant to the present discus-
formed in a commercially available high-pressure furnacesion. Figure 2 shows composition dependence of the subcell
(Morris Research Pressed samples on gold foil were heatedattice parameters for samples prepared in this study, to-
at 1000 °C under oxygen pressure of 2B bars for 48 h.  gether with the previous results. Reflecting the difference in
After being ground and pelletized, the treatment was reionic radii for cg' (1.0 A and ¥ (0.9 A), the variation of
peated to insure complete reaction. Phase identification wabke subcell parameters in the solid solution range is small; 1,
carried out by powder x-ray diffraction with Ckie radia- 2, and 0.1 % for the, b, andc axes, respectively. The larger
tion. Lattice parameters were calculated by the least-squaré3a radius influences the structure by increasinglthexis,
method. The oxygen content on selected samples was detexrd the introduction of holes effectively compresses the
mined by thermogravimetic analysi§GA) under forming CuGO, chains(alonga), decreasing the Cu-O-Cu bond angle.

SYNTHESIS AND STRUCTURE
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FIG. 3. Temperature dependence of the magnetic susceptibility o? \*L\FO\O .
for several samples in the €3Y,_,CusO,, solid solution. S ‘x:;:‘o. o
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The composition dependence is different for samples pre- 3, —0.01 H
pared in air and those prepared under high-pressure oxygen, Q ’ 2
except for theb axis. Preliminary TGA studies show this is Q =
due to a small difference in oxygen content fo<1 for oLl I l l O@_o )
samples prepared in different ambient atmospheres. For the 0.0 0.5 1.0 1.5 2.0

measurements of the magnetic and electrical properties de- x in Cag,,Ya_,CusOqg

scribed below, we employed a series of samples prepared

under high-pressure oxygen with the exception x6f0, FIG. 4. (a) Tentative magnetic phase diagram for
which could be synthesized in considerably higher purity inCa Y, ,Cus0,, (b) composition dependence of the magnetic
air. The essential features of the magnetic properties wersusceptibility per Cu for several high temperatures, showing the
insensitive to the small changes in hole concentration inscaling of the chemical and electronic doping and Curie-like con-
duced by the oxygen stoichiometry differences obtained iriribution at low temperature.

different synthetic conditions. The study of detailed phase

relations and oxygen stoichiometry as a function of oxygerto 90° than in the present compound. Ferromagnetically
pressure and temperature is in progress, and will be reportesbupled edge-shared chains are also observed,Buld,.'8
elsewhere. For the composition range<Ox<1, the magnetic suscepti-
bility curves show a well-defined cusp at low temperatures,
MAGNETIC AND ELECTRICAL PROPERTIES indicative of long-range antiferromagnetic ordéFor the
sample withx=0, a small anomaly was observed as a shoul-
Holes introduced into a CuPplaquette such as those der near 10 K due to the presence of a small am@wito)
which share edges to form the chains in the current comef highly magnetic ¥Cu,Os. With increasing x in
pounds occupy mainly the oxyggnorbitals which are hy- Ca,,Y,_,CusO40, the data showl to decrease and then
bridized with the Cud states. The spin of the hole on the disappear neak=1 due to the introduction of holesy
oxygen square couples antiferromagnetically to that of the=28, 24, and 16 K fox=0, 0.5, and 1, respectively. Above
Cu, canceling its spin, thus rendering the Gu@it nonmag- x=1.5, broad maxima appear in the susceptibility curves
netic, as pointed out by Zhang and Ri¢e Zhang-Rice (T,.0. The value ofT ., increases with increasing reach-
singled.’® Figure 3 shows the temperature dependence of thing 32+1 K for Ca,CusO; (x=2.0). This feature in the
magnetic susceptibility per Cu for several members of thesusceptibility represents the magnetic response of the chain
series from the undoped case ,0&CusO;g) to the maxi- system with a high concentration of Zhang-Rice singlets,
mally doped case (GEusOyg). At first glance, the overall 4-5 of every ten Cu@plaguettes. The tentative magnetic
shape ofy(T) is seen to be that of spins coupled by a mod-phase diagram based on these data is shown in Fay. 4
erately weak interaction strength, i.gl}/kg<100 K. For the Due to the weak magnetic interactions in these com-
undoped compound ,;CaCus0;, the high-temperature part pounds, the magnetic susceptibility at high temperatures is a
(T>150 K) is well described by a Curie-Weiss law with a measure of the concentration of magnetic copper, and can be
net effectiveantiferromagneticcoupling 6 of —4.5=0.7 K employed to determine the effectiveness of the chemical
and a powder averagedy factor of 2.25-0.03. In  doping in the introduction of holes and the cancellation of
LagCaCw,4041, Which has similar Cu-O chains, the net in- Cu spins on the chains. The high-temperature susceptibilities
teraction isferromagneti¢’ 6=10 K, likely due to the fact decrease in a precise and systematic manner with increasing
that the Cu-O-Cu bond angle in the 14:24:41 phase is closéEa content, shown in Fig.(8), for T=300, 350, and 400 K.
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x'(T)XT product per magnetic Cu is shown as a function of
temperature for all compositions. For temperature-
independent spins, and temperatures far above the effective
interaction temperaturd, this product will be temperature
independent. This is seen to be true for the present case, with
the additional fact that the scaling of the magnetism through
the number of chemically doped holes is a good description
of the system. At high temperatures, all compositions ap-
proach a constant’ X T of 0.472, corresponding to a pow-
der averaged factor of 2.25-0.03. There is very little dif-
ference iny’ X T for different hole doping levels in the &
(LT T TP state regime, fox between 0 and 1, indicating essentially
- CagxY2,Cus010 1 unchanged interactions among the magnetic Cu. At low tem-
ol vt et peratures for ¥ :Ca Cus0,9 and CaCusO,q however,y’
0 100 200 300 400 X T falls significantly below the other curves. This indicates
Temperature (K) an increase in the effective antiferromagnetic interaction
among the magnetic Cu in the high hole concentration re-
FIG. 5. The temperature dependence of the magnetic suscep@ﬂ'me_
bility per magnetic Cux’(T), for Ca.Y, xCusOyo Inset, the At low-doped Ca concentrations, the sharp dropy{T)
x'(T)XT product as a function of temperature and composition. hgicates the development of long-range antiferromagnetic
order, which is rapidly lost beyond a doping level of 0.2
The values for C&Lus0,, are, within an experimental error holes per Cu. For a purely one- or two-dimensio(2D) S
of a few percent, 50% of those found fop@a,CusO;. Thus = 1/2 Heisenberg magnet, the &lestate is not expected, and
the high-temperature susceptibilities are slightly lower tharthus reflects the presence of residual magnetic interactions,
what is expected for a straightforward introduction of exactlywhich arise from the coupling to adjacent chains. It is rea-
one nonmagnetic copper per doped Ca and a constant oxygeanable to expect that the coupling between chains in the
content across the series of exactly ten oxygen per formulpresent case is similar in magnitude to that observed in other
unit. A small oxygen nonstoichiometry;2—3 %, would ac- chain compounds such as La0O; and SsCuQ;, where the
count for the somewhat increased effectiveness in spin carirterchain coupling is on the order of 10 K. In those com-
cellation observed upon introduction of Ca. Also shown, inpounds, with corner-shared CuO plaquettes, and thus ap-
the lower right corner of Fig. @) is the magnitude of a small proximately 180° Cu-O-Cu bonds, the intrachain coupling is
Curie-like contribution ofy(T) observed at the lowest tem- very large, 1000—2000 K~?2 compared to the interchain
peratures fox>1.5 but not forx<1.5(i.e., only in the high  coupling: in edge-shared plaquette system such as the
hole concentration regime This “impurity” contribution  present one, they can be of the same magnitude.
corresponds to 2:70.4% of free Cu moments for=1.5 and When holes are introduced into the chains of
decreases linearly as a function of Ca concentration, to zeréa .Y »_xCusO;q by Ca doping beyone=1, the magnetic
for Ca,Cus04,. These free spins are not likely to be due tointeractions are drastically altereg{T) becomes character-
the presence of chemical impurities, which were not detecteitic of that of short-range order in low-dimensional mag-
in the x-ray-diffraction experiments, but rather are morenetic systems. At our maximum doping level, nearly one of
likely due to special sites on the Cu-O chains which areevery two CuQ plaquettes is occupied by a nonmagnetic
neither compensated by a hole nor participating in the shoriZhang-Rice singlet. These singlets, which involve holes on
range antiferromagnetic order. Similar magnetic defect sitethe oxygerp orbitals therefore are found to greatly influence
were also observed in the related compoundthe superexchange pathways between the remaining mag-
(Sr,C814.Chy041.° netic CuQ plaquettes. As is clearly seen by considering the
Given the excellent scaling-ig. 4(b)] between the num- data presented in Fig. 5, the effect is different from what is
ber of chemically doped holes and the number of magnetifound for a simple dilution of spins, such as is observed in
Cu, thex(T)data can be replotted as susceptibility per magthe low hole doping regime. The detailed functional form of
netic coppery’ to separate the effects of dilution from the x(T) for Ca,CusO,q, however, is not that commonly found
effects of changing interactions. This is presented in Fig. 5to describe either 1D chain or 2D plane magnetic systems
Above approximately 250 K the data are independent of Cavith only nearest-neighbor Heisenberg interactions. At-
content, as described above, while at lower temperatures thégmpts were made, without success, to fit the obsep(@d
differ markedly. There is very little difference between the for Ca,Cus0;,to magnetic models such as those for alternate
data for samples witlx between 0 and 1 over the whole J linear chainsJ;—J, linear chains, and weakly interacting
temperature range, except for a decreas€yras would be uniform chains. These models could not simultaneously de-
expected for a simple dilution of spins. On approachingscribe the temperature of the maximum and the relative
Ca,Cus04, however, the susceptibility per magnetic copperbroadness of the peak. To our knowledge there has been no
decreases significantly and the sharp peak characteristic sfudy of the expected behavior of such a dense mixture of
long-range order gives way to a broad, rounded maximum amnagnetic spin of Cu and nonmagnetic singlets distributed on
32 K. chains. It is not known at this time whether there is any
The changeover in response of the magnetic Cu with holstructural ordering—either long-range or short-range—of the
concentration is further illustrated in the inset, for which themagnetic singlets. Depending on how the singlets are or-

x' (1073 emu/mole)
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FIG. 6. The temperature dependence of the electrical resistivity G- 7- Log plot of the electrical conductivity vs 1T for
for polycrystalline samples of Ga, Y, COso polycrystalline samples of Ga,Y,_,Cus0;, Shown also, for
Ca,Cus0y is a plot of Ino vs 1IT.

dered or disordered on the chains or between chains, the
resulting interchain coupling may be comparable or largefluction across a gap;(T)exp(~A/kgT) with A~0.08 eV,
than the intrachain coupling. F6®r,Ca,,Ct,,0,;, the mag- similar in magnitude to that seen for polycrystalline
netic Cu mixed with Zhang-Rice singlets on the chain com{Sr.C814Ctb/O4; under ambient pressufeThus these pre-
ponent of the structure have been shown to order into spirliminary data suggest a crossover in the transport properties
singlet dimers at certain lattice sizes and holetO activated behavior in the Zhang-Rice singlet regime. Sig-
concentrationd.In the present case, in which there can be nonificantly, we find no indication in the resistivity of charge
mediating electronic interactions due to the presence of othétdering along the chains such as is seen in
Cu-O components, such as ladders, the behavior i§5r,Ca314CU4041. Further studies of the transport properties
different—no dimerization is observed. of single crystals will be required to confirm the data from
The temperature dependence of the dc resistivities ofolycrystalline samples and clarify the behavior.
polycrystalline samples are shown in Fig. 6. The overall re-
sistivities are high, and increase with decreasing temperature. CONCLUSIONS

Even for CaCus0,, which has a hole doping of approxi- We have identified and studied the simplest Cu-O chain

mately 0.5 holes per Cu, the resistivity &#0 Q) cm is about compound with edge-sharing Cy@laquettes which can be

five_or_ders of _magnitude larger than that of metallic cupr_ate ignificantly doped with holes. We find the magnetic ground
at similar dop!ng levels. The data suggest that_the functpn tate to cross over from a Mestate at low hole concentra-
}‘ﬁrmhor UETr) 'SE ?ﬁpendrﬁnté)n iZOIeI c\;)r:cvev?]tr?tlciﬂ, Cri:]an%mgtions to a short-range order¢spin-liquid-like) ground state
character at the same doping level where the magne Sthigh hole concentrations. We show that this is the result of
su;ceptlbll|ty change.s..Th|s IS bettgr '”“Slﬁgated in Fig. 7’hole-induced changes in the magnetic coupling, and associ-
which shows the variation of logr with 1/T™% Power-law ate the changes with the modification of superexchange paths

1/n
p:lots of the_tt_ype I?:Walsl 1f£ _for ln;& 2|sf;)ovt\\/Ncurvzguore f%ro ue to the presence of Zhang-Rice singlets. The relative crys-
all compositions. or hole doping Ievels between 1.9 and 9. allographic simplicity, along with the strength and sign of

per Cu, w?ere Ithe_n:agnetllfz |r}te”ract|o?s ark()e vr\]/ell_desc_?bed 'the magnetic interactions, make this compound series an ex-
a conventional pictureg(T) follows the behavioro(T) cellent model system for linking experimental and theoretical

ocexp_(r .2) very closely, characteristic pf_yar|§1ble range sy dies of the spin and charge dynamics in electronically
hopping in a 1D system. Because the resistivity involves re oped low-dimensional copper oxides

charge transfer along the Cu-O chains, and as there are no
Cu-O bridges between the chains, the 1D resistivity behavior
is expected. For larger hole doping however, where the mag-
netic interactions have changed;(T) does not follow We are grateful to P. Matl, J. Rijssenbeek, and Professor
exp(TY?). Shown in the inset of Fig. 7 is also a plot of N. P. Ong for help in the electrical resistivity measurements.
logygo(T) vs LT for Ca,CusO;. The resistivity for this ma- This work was partially supported by NSHDMR-94-
terial more closely follows that of thermally activated con- 00362.
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