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Synthesis of delafossite-derived phases,RCuO21d with R5Y, La, Pr, Nd, Sm, and Eu,
and observation of spin-gap-like behavior
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The structural and physical properties of layered cuprates of aRCuO2 delafossite structure have been
investigated for various rare-earth elementsR: Y, La, Pr, Nd, Sm, and Eu. An oxygen-rich delafossite-derived
phase,RCuO21d (d>0.5), as previously reported by Cavaet al. for R5Y and La was found for all the other
R presently studied. Each as-sinteredRCuO2 sample appeared to have a nearly stoichiometric oxygen content,
but by thermal oxidation excess oxygen atoms corresponding tod>0.5 per formula unit could be loaded into
the lattices. Although electrical resistivity~r! of the oxygen-richRCuO21d samples exhibited semiconducting
behavior at temperatures below 325 K a couple of samples showed anomalous temperature dependences inr
at low temperatures. Unusual temperature dependence of magnetic susceptibility~x!, was observed for Ca-
doped YCuO21d samples, but not for the otherRCuO21d phases. If the Curie term was subtracted from the
susceptibility of~Y,Ca!CuO21d, the remaining part ofx decreased monotonically with decreasing temperature
down to;100 K, and then leveled off with a finite value. Assuming that this finite value could be attributed
to the Pauli paramagnetism of free carriers, thex vs T characteristics were compared with those of other
layered cuprates, such as SrCu2O3, ~Sr,Ca!14Cu24O41, and~La,Sr!CuO2.5, which have been reported to exhibit
spin-gap behavior.@S0163-1829~97!08030-2#
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I. INTRODUCTION

Because of low dimensionality, layered cuprates~other
than known high-Tc superconductors! have attracted the at
tention of researchers in the field of new materials with no
quantum functions. Intense studies have been done on
dimensional ~2D! ladder compounds1–7 such as
Srn21Cun11O2n (n53,7,11,...) and LaCuO2.5 in order to
verify the theoretical predictions8 concerning a spin-gap an
d-wave superconductivity in lightly hole-doped compoun
with even-number legs. Recently, superconductivity w
confirmed for a two-leg ladder system of~Sr,Ca!14Cu24O41

under a high pressure of;3 GPa.9 But Tc (;10 K) was
significantly lower than that previously predicted.8 Another
interesting quantum phenomenon has been reported for
dimensional~1D! Cu-O chain materials of Sr2CuO3 and re-
lated phases, e.g., Ca2CuO3 and SrCuO2.

10–12Motoyama, Ei-
saki, and Uchida11 demonstrated that the magnet
susceptibility of Sr2CuO3 was consistent with theoretical ca
culations for ans51/2 1D Heisenberg antiferromagnet
system.

RCuO2 delafossites have acquired a position of laye
cuprates of interest, as well.13,14However, to our knowledge
the physical properties of the delafossites have not been
tensively characterized, probably due to difficulties in t
sample preparation. Various transition-metal oxides
known to have structures of delafossite~CuFeO2! type. The
delafossite is generally expressed asA1B31O2. The stacking
sequence of the linearly coordinatedA1-O block and the
six-coordinatedB31-O block along thec direction is differ-
560163-1829/97/56~6!/3457~10!/$10.00
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ent depending on the material. As a consequence, a va
of polytypes are formed. In the ternaryR-Cu-O phase dia-
gram, theRCuO2 delafossite structure has been found for t
following rare-earth elements (R): Y, La, Pr, Nd, Sm, and
Eu.13,14Schematic illustrations of the crystal structures of t
3R and 2H polytypes are shown in Figs. 1~a! and 1~b!.15,16It
should be note that the characteristic 2D triangular cop
layers are stacked along thec direction in both structures
The 3R polytypes ofRCuO2 delafossites in which three el
ementary double layers per unit cell (Z53) are stacked

FIG. 1. Schematic representation of crystallographic structur
delafossites~Refs. 15, 16!: ~a! 3R polytype and~b! 2H polytype. A
view of the structure in the@110# plane is also shown. The shade
closed, and open circles indicateR, Cu, O atoms, respectively. In
the basal plane, Cu atoms sit in the two-dimensional triangu
plane lattices. The Cu1 ions are linearly coordinated with oxygen
andR31 ions are six-coordinated with oxygen.
3457 © 1997 The American Physical Society
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3458 56KAZUYUKI ISAWA et al.
along thec direction have been reported since 1960’s for
the rare-earth elements studied.13 The unit cell is rhombohe-
dral with the R3̄m symmetry. On the other hand, the 2H
polytype which has been obtained only forR5Y belongs to
hexagonal with space groupP63 /mmc.14

It has been anticipated that such a 2D triangular pl
lattice would display unusual magnetic behavior due to
geometrical antiferromagnetic frustration. In accordance w
the prediction, several groups have reported interesting m
netic properties for delafossite-type vanadates.17,18 Further-
more, Cavaet al.19 reported that new delafossite-derive
oxygen-richRCuO21d phases were obtained by thermal ox
dation for YCuO2, ~Y,Ca!CuO2, and LaCuO2. The oxidized
samples became more conductive with increasingd. This
indicates that mobile carriers are doped into the struc
through the loading oxygen. However, except for those w
R5Y and La, neither physical properties nor carrier dopi
effects have been reported yet. In addition, the carrier dop
studies in the 2D triangular lattices are supposed to y
interesting results in comparison with other low-dimensio
systems, such as the CuO2 planes~in the high-Tc supercon-
ducting cuprates!, the Cu2O3 ladder compounds, and othe
cuprates having the Cu21 (3d9) configuration withs51/2.
Therefore, it is worth to clarify the physical properties
dopedRCuO21d phases in terms of various rare-earth ion
In this work, we synthesized polycrystallineRCuO2 samples
and studied the oxidation processes, resulting in formal c
per valences even higher than1II. The electrical and mag-
netic properties of the synthesized materials were also in
tigated. The peculiar magnetic properties found especiall
Ca-doped YCuO21d samples, were interpreted using a mod
proposed for Heisenberg ladder compounds.

II. EXPERIMENT

Except for R5Y, polycrystalline samples ofRCuO2
delafossites were prepared by a solid-state reaction techn
from reagent gradeR2O3 and Cu2O powders. The powde
mixtures were pressed into pellets and fired at 900–1075
for 12–24 h in a vacuum furnace with molybdenum heate
order to prevent the oxidation of monovalent copper. A ty
cal background vacuum pressure inside the furnace
;431026 Torr at high temperatures. Synthesis of YCuO2,
on the other hand, was found to be considerably more d
cult. Ca doping was found effective to stabilize the YCu2
phase by means of the following procedure. Intermed
reactants20 with the nominal composition o
(Y12xCax)2Cu2O5 (0<x<0.15) were synthesized from
reagent-grade Y2O3, CaCO3, and CuO powders by firing in
air at 950–1000 °C for 80 h. After grinding, the calcine
~Y,Ca!2Cu2O5 powders were pressed into pellets and sinte
at 1150–1175 °C for 16 h in N2/60–100 ppm O2 gas mix-
tures, with a slow cooling (22 °C/min) down to room tem-
perature.

The phase content and the lattice parameters were d
mined by powder x-ray-diffraction~XRD! analysis using Cu
Ka radiation~Rigaku RINT-2500 HF!. Oxidation character-
istic of as-sintered samples was studied up to 1000 °C u
a commercial thermogravimetric apparatus~TA Instruments
TGA-2950!. The sample weight was about 30 mg and t
heating rate was 1 °C/min. Oxygen contents in the
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sintered and oxidized samples were analyzed by the foll
ing two methods:~i! thermogravimetric hydrogen reductio
~H2/TG! measurements and~ii ! Cu~1I!/Cu~1II ! coulometric
titrations. Details of the methods have been review
elsewhere.21 Electrical resistivity of the samples was me
sured by a conventional dc four-probe method. The dc m
netic susceptibility was measured using a superconduc
quantum interference device magnetometer.

III. RESULTS AND DISCUSSION

A. Synthesis ofRCuO2 and Ca-doped YCuO2 delafossites

Figure 2~a! shows powder XRD patterns for the synth
sizedRCuO2 samples. Although very small peaks from u
reactedR2O3 and Cu2O were still detected, nearly all th
diffraction peaks were able to be assigned to the rhombo
dral unit cell of the 3R polytype. The corresponding opti
mized sintering conditions are summarized in Table I. E
cept in the case ofR5Nd, the samples were synthesized
temperatures >1000 °C in a high vacuum of;4
31026 Torr. Note that, however, Zr-foil wrapping was ne
essary to obtain the PrCuO2 phase. For NdCuO2, the opti-
mum sintering temperature was found to be arou
;900 °C; sintering at temperatures higher than 900 °C
sulted in the decomposition of the NdCuO2 phase into
Nd2O3, Cu2O, and Cu metal.

In Fig. 2~b!, the lattice parametersa andc are represented
with respect to the rare-earth ionic radiusr R . The value ofa
decreases pseudolinearly as a function ofr R descending from
La31 (r R51.032 Å) to Eu31 (r R50.947 Å).22 This ten-
dency is in good agreement with the previous data repo
in Ref. 13. On the other hand, thec value is nearly indepen
dent of r R .

Powder XRD patterns for the (Y12xCax)CuO2 (0<x
<0.15) samples are shown in Fig. 3~a!. For the samples with
0,x<0.1, almost all the diffraction peaks could be assign
to a hexagonal unit cell of the 2H polytype, and the lattice
parameters were determined to bea;3.52 Å and c
;11.42 Å. Thus, the samples with 0,x<0.1 are considered
to be nearly single phase. Some unidentified diffract
peaks were detected for the samples withx>0.15. The dif-
fraction pattern for the sample withx50, on the other hand
included peaks due to the 3R polytype23 besides those of the
2H polytype. Furthermore, the peak due to the 102 reflect
was rather broad for thex50 sample, but gradually sharp
ened asx increased. Such broad peaks are generally cau
by stacking faults as described in Refs. 14 and 19. The
ficulties in isolating the 3R and 2H polytypes of YCuO2 are
probably due to a very small difference in the thermod
namical free energies between these two phases.

Figure 3~b! shows the lattice parameters,a and c, with
respect to Ca content,x in (Y12xCax)CuO2. The value ofa
first decreases quasilinearly asx increases up to 0.1 and the
saturates to a constant value. Conversely, the value ofc in-
creases quasilinearly with increasingx for the samples with
x<0.15. These results indicate that Ca ions substitute th
site in the range of 0,x<0.1. Both of the lattice parameter
are rather similar to those reported in the literature for
2H polytype.14,19The slight discrepancy between the prese
results and those reported previously is likely due to
difference in the oxygen content in the samples.
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56 3459SYNTHESIS OF DELAFOSSITE-DERIVED PHASES, . . .
B. Oxidation of RCuO2 and Ca-doped YCuO2 delafossites

A typical oxidation TG curve, obtained for a NdCuO2
sample under an O2 atmosphere is shown in Fig. 4. Upo
heating at 1 °C/min, the weight is unchanged at temperat
below 200 °C. The most significant weight gain starts
;370 °C. On continuously heating, the sample weig
reaches a plateau between 370 and 600 °C, and then
creases rapidly above 600 °C before the final decompos
into Nd2CuO4 and CuO. The recorded powder XRD patte

FIG. 2. ~a! Powder XRD patterns forRCuO2 with various rare-
earth elements~R5La, Pr, Nd, Sm, and Eu!. Almost all diffraction
peaks are assigned with a rhombohedral unit cell of the 3R poly-
type. ~b! Lattice constantsa andc as a function of rare-earth ioni
radiusr R .
es
t
t
de-
n

indicates that the oxidized NdCuO21d sample ~at
;370 °C! contain the same delafossite-derived phase wh
has been previously reported for LaCuO21d.

19 For all the
as-sinteredRCuO2 and (Y12xCax)CuO2 samples, careful TG
measurements were performed, and essentially similar
sults were obtained. However, in order to isolate the oxyg
rich phases prolonged post-annealing periods, usually
1–4 days, were required. The post-annealing conditions u
for theRCuO2 and (Y12xCax)CuO2 samples are summarize
in Table II.

Figure 5~a! shows the powder XRD patterns of the ox
dized RCuO21d samples which are totally different from
those obtained for the as-sintered samples@Fig. 2~a!#. Al-
though some broad unidentified peaks were detected, m
diffraction peaks could be indexed according to the hexa
nal supercell of the 2H polytype. The lattice parameters fo
the oxidizedRCuO21d samples as a function of the rare-ear
ionic radiusr R are shown in Fig. 5~b!. The supercell param
eters are estimated to bea')a0 (;6.42 Å) and c
<2/3c0(;10.5 Å), wherea0 and c0 are the lattice param
eters obtained for the 3R-polytypeRCuO2 delafossites.

Powder XRD patterns of the (Y12xCax)CuO21d samples
after post-annealing in flowing O2 gas are shown in Fig. 6~a!.
For all the patterns withx<0.1, the major phase was iden
tified to be an orthorhombic supercell witha')a08
(;6.18 Å), b'2a08 (;7.14 Å), andc'c08(;11.2 Å), as
previously reported for YCuO2.55.

19 Besides those for the
oxygen-rich phase, unidentified small diffraction peaks w
detected, especially for the samples withx50 andx 50.075,
as marked with solid circles~d!. Figure 6~b! shows the lat-
tice parameters versus Ca contentx for the oxidized
(Y12xCax)CuO21d samples. For all these samples, botha
andb increase gradually against the Ca contentx, while c is
nearly independent ofx.

C. Analyses of the oxygen content
before and after the oxidation

Oxygen content of the as-sintered samples was de
mined by the thermogravimetric reduction method, whi
has commonly been adopted for high-Tc copper-oxide
superconductors.21 In this method, the sample is heated up
1000 °C in flowing 96.4% Ar-3.6% H2 in a thermobalance
and from the total weight loss the amount of oxygen in t
starting material can be calculated if the final products
known. Since the as-sinteredRCuO2 samples easily absor
humidity fresh powdered samples were prepared before
measurements. In Fig. 7, a typical TG curve obtained for
as-sintered NdCuOy sample under a reducing atmosphere

TABLE I. Sintering conditions forRCuO2 in vacuum furnace.

Sintering conditions
Vacuum pressure

(PO2)

LaCuO2 1000 °C, 12 h 431026 Torr
PrCuO2 1000 °C, 24 h~Zr foil ! 431026 Torr
NdCuO2 900 °C, 12 h (32) 431026 Torr
SmCuO2 1075 °C, 24 h 3.531026 Torr
EuCuO2 1050 °C, 24 h 3.531026 Torr
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3460 56KAZUYUKI ISAWA et al.
shown. When heating at 2 °C/min, the sample was ra
stable at temperatures below;200 °C. The reduction oc
curred in two steps above 200 °C. The reduction produ
were confirmed by XRD to be Nd2O3 and Cu metal. Further
more, the oxygen content of the oxidized samples was
servedin situ on annealing the as-sintered samples in a th
mobalance as shown in Fig. 4, since the amount of oxyge
the starting materials was already fixed. For all the samp
careful TG measurements under reducing and oxidizing
mospheres were carried out, and the obtained oxygen
tents in the as-sintered and post-annealed samples are

FIG. 3. ~a! Powder XRD patterns for (Y12xCax)CuO2 with 0
<x<0.15. For the samples with 0,x<0.1, almost all diffraction
peaks are indexable with the lattice parametersa;3.52 Å andc
;11.42 Å. Unidentified peaks are marked with solid circles.~b!
Lattice constant,a andc as a function of Ca content,x: ~d, m!, this
work; ~,, h!, Ishiguroet al. ~Ref. 14!; ~s, n!, Cavaet al. ~Ref.
19!. In the present results, the (Y12xCax)CuO21d samples with 0
,x<0.1 are nearly single phase.
er
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marized in Table III. In this table, the results of th
additional Coulometric titration analyses are shown in bra
ets. The accuracy of the oxygen content determination by
TG methods corresponds to an error of60.03 oxygen atoms
per formula unit~f.u.!. In the case of the Coulometric titra
tions the error is supposed to be60.02. Each as-sintere
sample appeared to have a nearly stoichiometric oxygen
tent, namely, 2.0060.03 oxygen atoms per f.u. Upon annea
ing under oxidizing conditions excess oxygen correspond
to >0.5 atoms per f.u. was found to incorporate into t
structures for all the samples studied. Thus, in the case
R5La, for example, formal values of the copper valence
the as-sintered and post-annealed samples are11.04 and
12.28, respectively.

D. Electrical properties

Figure 8~a! shows the temperature dependence of elec
cal resistivity ~r! in a logarithmic scale for the oxidized
RCuO21d and ~Y,Ca!CuO21d samples. The magnitude ofr
around room temperature for all theRCuO2 samples without
excess oxygen (d50) is as high as>105 V cm. Ther vs
T curves for all the samples except for PrCuO2.62 are quite
similar. That is, for each sample, ther vs T curve shows

FIG. 4. Change in weight of powdered NdCuO2 sample in a
commercial TG on heating in flowing O2 gas at 1 °C/min to
1000 °C. The delafossite-type NdCuO2 phase remains below
;200 °C, and then, significant weight gain begins at higher te
peratures. Oxygen content 21d, corresponding to weight gain is
shown in the right-hand scale.

TABLE II. Post-annealing conditions for bar-shapedRCuO2

and Ca-doped YCuO2 in flowing O2 gas.

Annealing conditions

LaCuO2 380 °C, 96 h
PrCuO2 400 °C, 96 h
NdCuO2 370 °C, 96 h
SmCuO2 400 °C, 96 h
EuCuO2 400 °C, 96 h
YCuO2 450 °C, 96 h
Y0.95Ca0.05CuO2 450 °C, 96 h
Y0.9Ca0.1CuO2 450 °C, 96 h
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56 3461SYNTHESIS OF DELAFOSSITE-DERIVED PHASES, . . .
semiconducting behavior being in good agreement with
data previously reported for YCuO21d and LaCuO21d.

19 For
PrCuO2.62, r increases rather rapidly with decreasing te
perature in comparison with the other samples, and turns
insulating behavior at temperatures below 150 K. In
NdCuO2.63, SmCuO2.62, and EuCuO2.65 samples, anomalou
behavior is observed at low temperatures around 50 K. S
the electrical properties inRCuO21d samples are likely to be
related to magnetic properties, these anomalies in ther vs

FIG. 5. ~a! Powder XRD patterns for oxidizedRCuO21d with
various rare-earth elements~R5La, Pr, Nd, Sm, and Eu!. Post-
annealing conditions in O2 are summarized in Table II. Almost a
diffraction peaks are assigned with hexagonal supercell param
of a')a0(;6.42 Å) andc<2/3c0(;10.5 Å). ~b! Lattice con-
stantsa andc as a function of rare-earth ionic radiusr R : ~d, m!,
this work; ~s, n!, Cavaet al. for LaCuO21d ~Ref. 19!.
e
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T curves will be discussed later. In the case of t
~Y,Ca!CuO21d system, on the other hand, the samples
come more conductive with increasing Ca content. This
probably due to a slight enhancement in the mobile car
density through the partial substitution of trivalent Y by d
valent Ca. In Fig. 8~b!, the resistivities (lnr! as a function of
reciprocal temperature (T21) for the oxidizedRCuO21d and
~Y,Ca!CuO21d samples are replotted. The obtained lnr vs

ers
FIG. 6. ~a! Powder XRD patterns for (Y12xCax)CuO21d with

0<x<0.1 after post annealing in flowing O2 gas. Each sample ha
an orthorhombic distortion of supercell parameters witha')a08
(;6.18 Å), b'2a08(;7.14 Å), and c'c08(;11.2 Å). Impurity
peaks are marked with solid circles.~b! Lattice constants,a, b, and
c as a function of Ca contentx.
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3462 56KAZUYUKI ISAWA et al.
T21 curves are pseudolinear in the temperature range
tween 325 and 200 K with the exception of the PrCuO2.62
case. Furthermore, the slope of the curves, i
d(ln r)/d(T21), is nearly independent ofR. The activation
energies (Ea) are obtained from the following Arrheniu
equation:

r~T!5r0 exp~Ea /kBT!, ~1!

wherer0 is a temperature-independent constant andkB is the
Boltzmann constant. According to the Arrhenius plots sho
in Fig. 8~b!, the electrical conduction inRCuO21d is likely
due to thermally activated carriers. The obtained values
Ea were;0.2 eV for all the samples other than forR5Pr.
Since pellets of the obtained samples are not quite de
further studies are required to clinch whether the gra
boundary effects on resistivity are dominant or not.

Previously, high electrical conductivities o
;106 V21 cm21 have been reported for platinum and pal
dium delafossites.24 In both of these structures (ABO2) the
noble-metal ions occupy the same site as copper inRCuO2

FIG. 7. Typical TG curve of NdCuOy in reducing atmosphere
By powder XRD measurements, the NdCuOy phase was found to
be decomposed into Nd2O3 and Cu metal above>500 °C. For each
sample, oxygen content (y) in the sample is calculated by the fo
lowing equation:RCuOy1H2→R2O31Cu1H2O(↑).
e-

.,

n

of

e,
-

FIG. 8. ~a! Temperature dependence of electrical resistivity~r!
for oxidizedRCuO21d and (Y12xCax)CuO21d samples in logarith-
mic scale. Note that the sample withx50 included the minor im-
purity phase of 3R-polytype YCuO2 delafossite.~b! The relation-
ship between lnr andT21 for the oxidized samples.
y
ration
TABLE III. Oxygen content, 21d, in the RCuO21d and Ca-doped YCuO21d samples as analyzed b
thermogravimetric~TG! measurements. In comparison, oxygen content obtained by the Coulometric tit
is shown in the bracket.

As-sintered
Post-annealed

in flowing O2 gas

LaCuO21d 2.02 (60.03) Cu11.04 2.64 (60.03) Cu12.28

@2.03 (60.02)# @2.63 (60.02)#
PrCuO21d 2.00 (60.03) 2.62 (60.03)
NdCuO21d 2.02 (60.03) 2.62 (60.03)
SmCuO21d 2.09 (60.03) 2.63 (60.03)
EuCuO21d 2.04 (60.03) 2.65 (60.03)
YCuO21d 2.08 (60.03) 2.58 (60.03)
Y0.95Ca0.05CuO21d @2.02(60.02)# 2.49 (60.03)
Y0.9Ca0.1CuO21d @1.99(60.02)# 2.47 (60.03)
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56 3463SYNTHESIS OF DELAFOSSITE-DERIVED PHASES, . . .
~A site!, and the conduction band is supposed to be cau
by strong metal-metal interactions among theA-site ions due
to the rather short metal to metal distances (dM), e.g.,dM
;2.83 Å for Pt-Pt in PtCoO2. Contrary to such a shortdM in
the noble compounds, much largerdM for Cu-Cu is observed
for the RCuO2 phases, e.g.,dM;3.83 Å in LaCuO2. For
RCuO2, dM slightly depends onr R which affects thea-axis
length. Therefore, the conduction mechanisms inRCuO2
phases and oxidized phases (d>0.5) are likely different ac-
cording to the aforementioned model which typically d
scribes the conduction in Ti2O3 of a corundum structure.25

Based on photoabsorption spectra, on the other hand, C
et al.19 concluded that the conduction holes in bo
YCuO21d and LaCuO21d had Cu 3d character, but the over
lap between O 2p and Cu 3d was small, as compared wit
that in high-Tc superconducting cuprates, causing the h
resistivities of these compounds. Band-structural analyse
RCuO21d, especially in the vicinity of the Fermi leve
would be of interest for future studies.

E. Magnetic properties

Figure 9~a! shows the temperature dependence of the
magnetic susceptibility~x! for the oxygen-richRCuO21d
samples. Furthermore, for the samples withR5Pr, Nd, and
Eu, the reciprocal susceptibilitiesx21 as a function of tem-
perature are replotted in Fig. 9~b!. Now, we discuss the effec
of post-annealing onx for the case ofR5Sm, for example.
In comparison with oxidized SmCuO2.63, x of as-sintered
SmCuO2.09 ~dashed line! is nearly independent of tempera
ture above 10 K, and below 10 K it slightly increases w
decreasing temperature. The former behavior is consis
with that expected for a nonmagnetic system~3d10 for Cu1

ions!, while the latter is supposed to be due to small m
netic impurities which are not detected by XRD analy
and/or lattice imperfections. It was also found th
temperature-independent susceptibilityx0 increases slightly
upon post-annealing. The slight increase inx0 can be attrib-
uted to the Pauli paramagnetism of free carriers, since
oxidized sample is conductive, though not a metallic cond
tor but a semiconductor. Similar results in terms ofx0 were
observed for all the oxidizedRCuO21d samples.

On the other hand, the temperature dependence ofx in all
the oxidizedRCuO21d samples exhibited a basically Curie
Weiss-type behavior. For each sample,x monotonically in-
creased on cooling down to 2 K. As clearly seen in Fig. 9~b!,
all the x21 vs T curves are essentially straight at tempe
tures above>100 K. For each sample, an effective magne
momentmeff was estimated by the curve fitting based on
Curie-Weiss relation:

x5x01
C

~T2u!
, ~2!

whereC is the Curie constant andu is the asymptotic Curie
temperature. Now, we can calculatemeff for each sample
using

C5
Nmmeff

2

3kB
, ~3!
ed

-

va

h
of

c

nt

-

t

e
-

-

e
where Nm is the number density of magnetic ions, i.e.,R
and/or Cu per unit volume. Themeff values are shown in the
inset of Fig. 9~b! ~solid circles!, being calculated from the
linear portion of the (x2x0)21 vs T plot. Assuming that
R and Cu ions are, respectively, trivalent and divalent,
average magnetic momentmcal is also plotted for each
sample in the inset~open circles!. In this calculation, we
employed values for the effective magnetic moments
R31 and Cu21 ions tabulated in Ref. 26. A typical valu
obtained by the Curie-Weiss fittingmobs was 0.45mB ~mB is
the Bohr magneton! for LaCuO2.64, for instance, which is
comparable to that of 0.68mB previously reported for
LaCuO2.57.

19 However, all the measured valuesmobs are
nearly half of the expected valuesmcal. Such small effective

FIG. 9. ~a! Temperature dependence of the magnetic susce
bility ~x! for oxygen-richRCuO21d samples. To comparison,x vs
T curve for as-sintered SmCuO2.09 is also plotted~dashed line!. ~b!
The reciprocal susceptibility@1/(x2x0)# as a function of tempera
ture for the sample withR5Pr, Nd, and Eu. Arrow indicates the
temperature deviated from the straight line. Inset: the effective m
netic momentmeff with respect to rare-earth elements. The calc
lated valuesmcal using the table in the literature~Ref. 26! is shown
in the open circle. The obtained valuesmobs based upon the Curie
Weiss relation@Eq. ~2!# is plotted as a solid circle.



in
a-
of

al
ity
ri

sm

e;

w
d

r-

a
in
pe

ty

-
i

n
re

bi
l a

ich
der
in
na-

ion
the
the
er

l,

e
ke

. In

erm
-

and

ure-

l
al

s.

ch

il

le
w
tio

3464 56KAZUYUKI ISAWA et al.
magnetic moments may be a common feature for sp
frustrated systems.27 As previously mentioned, some anom
lies in the r vs T curve were observed for a couple
samples. According to Fig. 9~b!, it seems that eachx21 vs
T curve deviates from straight line~marked with arrow! at a
temperature corresponding to that detected for the anom
in the r vs T curve. Therefore, the anomalies in resistiv
are suspected to be caused by a certain magnetic orde
probably by an ordering of spins of the rare-earth ions.

Thex vs T curves after subtracting the core diamagneti
xcore term are shown in Fig. 10 for oxidized~Y,Ca!CuO21d
samples. Thexcore values were quoted from the literatur
Y31:224; Ca21:213.3; Cu21:213; O22:212.6 ~all in unit
of 1026 emu/mol!.26 Apparently, all thex vs T curves ex-
hibit a peculiar behavior. That is, for each sample,x de-
creases gradually with decreasing temperature and sho
broad minimum (xmin) at temperatures around 150 K, an
finally follows a Curie-like behavior below 100 K. Furthe
more, the temperature at which showedxmin was found to
depend on the Ca contentx, as clearly seen from the dat
given in the inset of Fig. 10. In this regard, the minimum
x had also been observed in a high-purity non-Ca do
YCuO2.51 sample at temperatures around 100 K,19 but not in
our YCuO2.58 sample containing a large amount of impuri
phase such as 3R-type YCuO2.

Since the unusual temperature dependence ofx might be
due to the presence of a spin gap we tried to analyze thex vs
T curve in the framework ofs51/2 Heisenberg antiferro
magnet. The following two possible origins are considered
terms of conjunctions consisting of copper and oxygen io
One possibility is simple chains of copper ions which a
coupled to form 90° Cu-O-Cu bonds as in Sr2CuO3.

10,11 In
this case, the temperature dependence of the suscepti
may be given theoretically by a Bonner-Fisher-type mode
recently demonstrated by Motoyama and co-workers.11,28,29

FIG. 10. Temperature dependence of the magnetic susceptib
~x! for (Y12xCax)CuO21d samples after post-annealing in O2 gas.
The core diamagnetismxcore had been subtracted. For each samp
x minimum (xmin) is observed at temperatures marked with arro
Solid line represents fitted curve based on the Troyer’s equa
@Eq. ~4!, see text#. After subtraction the Curie term,x vs T curve is
replotted especially for the sample withx50.025. Inset: the ob-
servedxmin with respect to Ca content,x.
-

ies

ng,

s a

d

n
s.

lity
s

The other possibility is ladder chains of copper ions wh
are coupled to yield linear Cu-O-Cu bonds, and each lad
is coupled to form nearly 90° Cu-O-Cu bonds as
SrCu2O3.

1 In this case, experimental results are usually a
lyzed by employing Troyer’s equation.30 For the ‘‘oxidized’’
~Y,Ca!CuO21d phases, on the other hand, the conjunct
structures of the Cu-O bonds are not clearly known for
lack of structural refinement data at present. However,
decrease inx resembles the behavior reported for the ladd
compounds, Srn21Cun11O2n (n53,7) ~Ref. 1! and
~La,Sr!CuO2.5,

6 rather than that of the chain materia
Sr2CuO3.

10

Assuming that the magnetic property of th
~Y,Ca!CuO21d phases is dominated by a two-leg ladderli
Cu-O conjunction, we may discuss thex vs T curve employ-
ing a similar scenario proposed for the ladder compounds
a two-leg Heisenberg ladder,x(T) is empirically expressed
by the following formula:30

x~T!5x01
C

~T2u!
1aT21/2 expS 2D

T D , ~4!

wherex0 is a temperature-independent term, the second t
is a Curie-Weiss contribution to be attributed to lattice im
perfections or impurity phases as discussed previously,
the third term is the susceptibility of a two-chains51/2
Heisenberg antiferromagnetic ladder at temperaturesT!D
as proposed by Troyeret al.30 with a andD being a constant
and the magnitude of spin gap, respectively. Temperat
independentx0 may be given by

x05xcore1xVV1xPauli1xLandau, ~5!

wherexVV is the Van Vleck term,xPauli is the Pauli para-
magnetic contribution andxLandau is the diamagnetic orbita
contribution from conduction electrons. For convention
metals,xLandauis simplified asxLandau}21/3xPauli,

31 so that
it may be negligible.

The fitted curves based on Eq.~4! are replotted in Fig. 10
~solid lines!. The fitting parameters are summarized in Fig
11~a!–11~d! in terms of the Ca contentx. As observed in Fig.
11~a!, the Curie component is small for each sample su

ity

,
.
n

FIG. 11. Fitted parametersC, u, x0 , a, andD in Eq. ~4! as a
function of Ca contentx.
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that only 3.6–5.2 % of the free Cu21 spins are effective if
s51/2 andg52. This fraction of the Cu21 spins is one-order
of magnitude higher than that reported for SrCu2O3 ~Ref. 1!
and Sr2CuO3,

10 and of the same order as that reported
~Sr,Ca!14Cu24O41.

5 Previously, Kato, Shiota, and Koike5 pro-
posed that among the two Cu sites in~Sr,Ca!14Cu24O41, i.e.,
2D Cu2O3 plane site and 1D CuO2 chain site, the Curie com
ponent was from the Cu21 spins in the CuO2 chain site.
Since the site for excess oxygen atoms in~Y,Ca!CuO21d is
presently unidentified, it is difficult to conclude whether t
small value for the Cu21 spin in this compound is intrinsic o
not. For the sake of further discussions, we assume tha
Curie component is from isolated defects or a certain im
rity phase. Note that the interaction energy between the m
netic moments is negligibly small because the magnitude
u is approximately 1 K for each sample. The increase inx0

with doping@Fig. 11~b!# may be attributed to the evolution o
an in-gap state as proposed for~La,Sr!CuO2.5.

6 As seen in
Fig. 11~d!, the magnitude ofD is large (>600 K), and it
increases monotonically with increasing Ca contentx. In lad-
ders, the magnitude of superexchange couplingJ is generally
given byJ;2D on the basis of theoretical results,8,29 and the
x vs T curve should have a maximum at the temperat
which corresponds toJ. Contrary to this expectation, a broa
maximum in thex vs T curve at a temperature around 400
was reported for a non-Ca-doped YCuO2.51 sample, for
which the magnetic susceptibility was measured up to
K.19 Thus, the chances are that the magnitude ofD obtained
by curve fitting in the present work may be overestimated
a factor of 2. Such a discrepancy could be caused by foll
ing reasons:~i! the ambiguity in curve fitting using Eq.~4!
for the lack ofx vs T data at temperatures higher than 350
and/or~ii ! a frustrated coupling constantl may be taken into
account inJ. An underestimation in the magnitude ofD
when Eq.~4! was employed was pointed out for the ladd
compounds~Sr,Ca!14Cu24O41.

4,5

Subtracting the Curie term, the magnetic susceptibility
creases gradually with decreasing temperature down
;100 K, and then gets leveled off at low temperatures
shown in Fig. 10 for thex50.025 sample~dashed line!.
Apart from the residual value at low temperatures, the c
vature of the correctedx vs T curve is rather similar to tha
for two-leg ladders in SrCu2O3, but unlike that for three-leg
ladders in Sr2Cu3O5 which is spin gapless. Now we suppo
that the constant residual susceptibility represents contr
tions from xVV and xPauli @in Eq. ~5!#. Since bothxVV and
xPauli have not been estimated for~Y,Ca!CuO21d, we employ
typical values reported for some other cuprates, i.e.,xVV
5631025 ~emu/mol! for LaCuO2.5 ~Ref. 6! and xPauli
55.0131025 ~emu/mol! for La1.95Sr0.05CuO4.

32 The sum of
these values gives a similar figure to that observed for
residual susceptibility in the case ofx50.025 @;11
31025 ~emu/mol!#. Thus, the unusual temperature depe
dence ofx measured for~Y,Ca!CuO21d is likely to indicate
the presence of an energy gap in the spin-excitation s
trum, i.e., a spin gap.

Finally, we raise the following three questions.~1! Does
the two-leg ladderlike Cu-O conjunction really exist
~Y,Ca!CuO21d? Such a conjunction may not be necessary
produce the observed magnetic properties. The existence
r
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spin gap was recently demonstrated in a ‘‘plaquette’’-ty
CaV4O9 phase.33 In this structure, a depleted square latti
exists, and four-spin plaquettes are connected with th
neighbors. Typical examples of spin gap were given by Ue
et al.; and others34–38 as follows:~i! the s51 antiferromag-
netic Heisenberg chain,~ii ! the double chains51/2 model,
~iii ! the s51/2 Heisenberg antiferromagnetism in akagome´
lattice, and~iv! the Kondo spin-liquid phase in the Kond
lattice model at half filling. In order to refine the cryst
structure of the presentRCuO21d and ~Y,Ca!CuO21d phase,
neutron-diffraction measurements are in progress.~2! Why
was such a spin-gap-like bulk susceptibility observed only
the case ofR5Y? The difference in the crystal structure is
possible answer. That is, after sample annealing, o
~Y,Ca!CuO21d kept the orthorhombic symmetry, while othe
RCuO21d phases were of the hexagonal 2H-polytype.~3! If
~Y,Ca!CuO21d is a new spin-gap phase, why does the ma
nitude of D become larger upon carrier doping? Genera
speaking, the magnitude ofD in high-Tc superconducting
cuprates gradually goes down to a value corresponding to
optimized Tc , i.e., Tc

max as carrier-doping proceeds in th
underdoped region.39 On the contrary, a slight increase in th
magnitude ofD by carrier doping was observed for two-le
ladders in (La, Sr)CuO2.5.

6 Thus, it is still unclear how the
carrier doping affects the magnitude ofD. Measurements of
the magnetic susceptibility at high temperatures up
<700 K are in progress to obtain more precise values oD
than those reported in this paper.

IV. SUMMARY

By thermal oxidation RCuO2 and Ca-doped YCuO2
samples yielded delafossite-derivedRCuO21d phases for
rare-earth elements,R5Y, La, Pr, Nd, Sm, and Eu. The
crystallographic structures of those phases were found to
of the hexagonal 2H polytype for R5La, Pr, Nd, Sm, and
Eu, and orthorhombic forR5Y. The oxygen content in each
RCuO21d sample was analyzed by two different chemic
methods and was confirmed to be;2.6 per f.u. For all the
samples, electrical resistivity exhibited semiconducting
havior at temperatures below 325 K, the magnitude be
independent of the spices ofR. An unusual temperature de
pendence of the magnetic susceptibility~x!, thatx decreased
with decreasing temperature was observed for the Ca-do
YCuO21d samples, but not for samples withR5Y. This un-
usual magnetic behavior was discussed using the model
posed for two-leg Heisenberg ladders in the framework
the s51/2 Heisenberg antiferromagnetism. The curve fitti
using Troyer’s equation yielded a large value for the s
gap, D>600 K, andD was found to increase quasilinear
with increasing Ca content,x in (Y12xCax)CuO21d.
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