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Synthesis of delafossite-derived phaseRCuO,, s with R=Y, 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 BCaO, delafossite structure have been
investigated for various rare-earth elemeRtsY, La, Pr, Nd, Sm, and Eu. An oxygen-rich delafossite-derived
phase RCuG,, s (6=0.5), as previously reported by Cagtal.for R=Y and La was found for all the other
R presently studied. Each as-sinteRGuO, sample appeared to have a nearly stoichiometric oxygen content,
but by thermal oxidation excess oxygen atoms correspondidg=td.5 per formula unit could be loaded into
the lattices. Although electrical resistivitp) of the oxygen-richlRCuG,, s samples exhibited semiconducting
behavior at temperatures below33K a couple of samples showed anomalous temperature dependemnces in
at low temperatures. Unusual temperature dependence of magnetic suscepiihilitias observed for Ca-
doped YCuQ, s samples, but not for the oth®&CuO,, s phases. If the Curie term was subtracted from the
susceptibility of(Y,Ca)CuG,, s the remaining part of 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, ghes T characteristics were compared with those of other
layered cuprates, such as SgOy, (Sr,Ca14C404,, and(La,SHCuG, 5, which have been reported to exhibit
spin-gap behavio.S0163-182@7)08030-2

[. INTRODUCTION ent depending on the material. As a consequence, a variety
of polytypes are formed. In the ternaR+Cu-O phase dia-
Because of low dimensionality, layered cupratesher  gram, theRCuO, delafossite structure has been found for the
than known high¥, superconductojshave attracted the at- following rare-earth elements}): Y, La, Pr, Nd, Sm, and
tention of researchers in the field of new materials with noveEu.*>** Schematic illustrations of the crystal structures of the
quantum functions. Intense studies have been done on tw@R and 2H polytypes are shown in Figs(d and 1b).">It
dimensional (2D) ladder compounds’ such as should be note that the chara_cteri_stic_ZD triangular copper
Sr,_1CU,+10,, (n=3,7,11...) andLaCuGO;s in order to layers are stacked along thnedwecthn in both. structures.
verify the theoretical predictiofigoncerning a spin-gap and 1he 3R polytypes ofRCuC, delafossites in which three el-
d-wave superconductivity in lightly hole-doped compounds€Mentary double layers per unit celE<3) are stacked
with even-number legs. Recently, superconductivity was
confirmed for a two-leg ladder system (8r,C3;,Cuy4041
under a high pressure of 3 GPa® But T. (~10K) was
significantly lower than that previously predictédnother
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interesting quantum phenomenon has been reported for one | O Oo
dimensional(1D) Cu-O chain materials of EuO; and re- & SO v
lated phases, e.g., §2u0; and SrCu@.*~*>Motoyama, Ei- c?. c 1(.) ‘ .

saki, and Uchidd demonstrated that the magnetic
susceptibility of SyCuQO; was consistent with theoretical cal-
culations for ans=1/2 1D Heisenberg antiferromagnetic
system.

RCuG, delafossites have acquired a position of layered
cuprates of interest, as wéft2*However, to our knowledge,
the Phys'ca' prOper,“eS of the delafossites hg\(e n_Ot b_een €X" FIG. 1. Schematic representation of crystallographic structure of
tensively Charact_enzed, p_robably du_e_ to dlfflcultle_s in thedelafossite$Refs. 15, 16 (a) 3R polytype andb) 2H polytype. A
sample preparation. Various transition-metal oxides argjey of the structure in the110] plane is also shown. The shaded,
known to have structures of delafossiteuFeQ) type. The  ¢josed, and open circles indica® Cu, O atoms, respectively. In
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delafossite is generally expresseddsB3* O,. The stacking
sequence of the linearly coordinatéd -O block and the
six-coordinated33* -0 block along the: direction is differ-
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the basal plane, Cu atoms sit in the two-dimensional triangular
plane lattices. The Cuions are linearly coordinated with oxygen,
andR3®" ions are six-coordinated with oxygen.
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along thec direction have been reported since 1960’s for allsintered and oxidized samples were analyzed by the follow-
the rare-earth elements studi€drhe unit cell is rhombohe- ing two methods{i) thermogravimetric hydrogen reduction
dral with the R3m symmetry. On the other hand, thed2 (H2/TG) measurements artd) Cu(+I)/Cu(+I11) coulometric
polytype which has been obtained only R Y belongs to  titrations. Details of the methods have been reviewed
hexagonal with space group6;/mmc* elsewheré! Electrical resistivity of the samples was mea-
It has been anticipated that such a 2D triangular plangured by a conventional dc four-probe method. The dc mag-
lattice would display unusual magnetic behavior due to aetic susceptibility was measured using a superconducting
geometrical antiferromagnetic frustration. In accordance witffjluantum interference device magnetometer.
the prediction, several groups have reported interesting mag-
netic properties for delafossite-type vanadaté$.Further- Ill. RESULTS AND DISCUSSION
more, Cgvaet al® reported that neW. delafossite-deriveq A. Synthesis ofRCuO, and Ca-doped YCuG; delafossites
oxygen-richRCuG,, s phases were obtained by thermal oxi-
dation for YCu@, (Y,CaCu0O,, and LaCu@. The oxidized Figure 2a) shows powder XRD patterns for the synthe-
samples became more conductive with increasingrhis ~ sizedRCuO, samples. Although very small peaks from un-
indicates that mobile carriers are doped into the structuréeactedR,03; and CyO were still detected, nearly all the
through the loading oxygen. However, except for those wittdiffraction peaks were able to be assigned to the rhombohe-
R=Y and La, neither physical properties nor carrier dopingdral unit cell of the R polytype. The corresponding opti-
effects have been reported yet. In addition, the carrier dopinglized sintering conditions are summarized in Table I. Ex-
studies in the 2D triangular lattices are supposed to yiel@ept in the case oR=Nd, the samples were synthesized at
interesting results in comparison with other low-dimensionatemperatures =1000 °C in a high vacuum of~4
systems, such as the Cu@lanes(in the highT, supercon- X 10~ ® Torr. Note that, however, Zr-foil wrapping was nec-
ducting cuprates the CyO, ladder compounds, and other essary to obtain the PrCy@hase. For NdCug the opti-
cuprates having the €t (3d°) configuration withs=1/2.  mum sintering temperature was found to be around
Therefore, it is worth to clarify the physical properties of ~900 °C; sintering at temperatures higher than 900 °C re-
dopedRCuO,, s phases in terms of various rare-earth ions.sulted in the decomposition of the NdCu@hase into
In this work, we synthesized polycrystalliRCuO, samples  Nd;O;, C,,0, and Cu metal.
and studied the oxidation processes, resulting in formal cop- In Fig. 2(b), the lattice parameteesandc are represented
per valences even higher tharll. The electrical and mag- With respect to the rare-earth ionic radiys. The value ofa
netic properties of the synthesized materials were also inveslecreases pseudolinearly as a functiongoflescending from
tigated. The peculiar magnetic properties found especially iha®" (rg=1.032 A) to Ed* (rg=0.947 A)?* This ten-
Ca-doped YCu@, ; samples, were interpreted using a modeldency is in good agreement with the previous data reported

proposed for Heisenberg ladder compounds. in Ref. 13. On the other hand, tlevalue is nearly indepen-
dent ofrg.
Il EXPERIMENT Powder XRD patterns for the (Y,Ca)CuO, (0=<x

=<0.15) samples are shown in FigaB For the samples with

Except for R=Y, polycrystalline samples oRCu0, 0<x=<0.1, almost all the diffraction peaks could be assigned
delafossites were prepared by a solid-state reaction technique a hexagonal unit cell of thel2 polytype, and the lattice
from reagent grad®,0; and CyO powders. The powder parameters were determined to k®~3.52 A and c
mixtures were pressed into pellets and fired at 900—-1075 °G-11.42 A. Thus, the samples withik<0.1 are considered
for 12—-24 h in a vacuum furnace with molybdenum heater into be nearly single phase. Some unidentified diffraction
order to prevent the oxidation of monovalent copper. A typi-peaks were detected for the samples with0.15. The dif-
cal background vacuum pressure inside the furnace waaction pattern for the sample with=0, on the other hand,
~4x107° Torr at high temperatures. Synthesis of YGUO included peaks due to theR3polytype” besides those of the
on the other hand, was found to be considerably more diffi2H polytype. Furthermore, the peak due to the 102 reflection
cult. Ca doping was found effective to stabilize the YGUO was rather broad for the=0 sample, but gradually sharp-
phase by means of the following procedure. Intermediatened as increased. Such broad peaks are generally caused
reactant® with the nominal composition of by stacking faults as described in Refs. 14 and 19. The dif-
(Y1-4xCa),Cu,05 (0=x=<0.15) were synthesized from ficulties in isolating the 8 and 2H polytypes of YCuQ are
reagent-grade Y03, CaCQ, and CuO powders by firing in  probably due to a very small difference in the thermody-
air at 950-1000 °C for 80 h. After grinding, the calcined namical free energies between these two phases.
(Y,Ca),Cu,05 powders were pressed into pellets and sintered Figure 3b) shows the lattice parameters,and ¢, with
at 1150-1175 °C for 16 h in 60—100 ppm @ gas mix-  respect to Ca conter,in (Y;_,Ca)CuO,. The value ofa
tures, with a slow cooling+{ 2 °C/min) down to room tem- first decreases quasilinearly aincreases up to 0.1 and then
perature. saturates to a constant value. Conversely, the valueiof

The phase content and the lattice parameters were detarreases quasilinearly with increasirdgor the samples with
mined by powder x-ray-diffractiofXRD) analysis using Cu x=<0.15. These results indicate that Ca ions substitute the Y
Ka radiation(Rigaku RINT-2500 HFy. Oxidation character- site in the range of €x=<0.1. Both of the lattice parameters
istic of as-sintered samples was studied up to 1000 °C usingre rather similar to those reported in the literature for the
a commercial thermogravimetric apparatli#\ Instruments  2H polytypel**®The slight discrepancy between the present
TGA-2950. The sample weight was about 30 mg and theresults and those reported previously is likely due to the
heating rate was 1°C/min. Oxygen contents in the asdifference in the oxygen content in the samples.
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FIG. 2. () Powder XRD patterns foRCuO, with various rare-
earth elementéR=La, Pr, Nd, Sm, and BuAlmost all diffraction
peaks are assigned with a rhombohedral unit cell of tRep8ly-
type. (b) Lattice constants andc as a function of rare-earth ionic
radiusrg.

B. Oxidation of RCuO, and Ca-doped YCuQ, delafossites
A typical oxidation TG curve, obtained for a NdCwpO

TABLE I. Sintering conditions foRCuG; in vacuum furnace.

Vacuum pressure

Sintering conditions (PO)
LaCuG, 1000 °C, 12 h & 1078 Torr
Prcug 1000 °C, 24 WZr foil) 4x1078 Torr
NdCuQ, 900 °C, 12 h K 2) 4x10°8 Torr
SmCuQ 1075°C, 24 h 3.510°° Torr
EuCuQ 1050 °C, 24 h 3.510°° Torr

indicates that the oxidized NdCyQ; sample (at
~370 °Q contain the same delafossite-derived phase which
has been previously reported for LaCuQ*° For all the
as-sinteredRCu0O, and (Y; _,Ca)Cu0O, samples, careful TG
measurements were performed, and essentially similar re-
sults were obtained. However, in order to isolate the oxygen-
rich phases prolonged post-annealing periods, usually for
1-4 days, were required. The post-annealing conditions used
for theRCuO, and (Y; _,Ca)CuO, samples are summarized

in Table II.

Figure 5a) shows the powder XRD patterns of the oxi-
dized RCuG,, s samples which are totally different from
those obtained for the as-sintered samflelg. 2@)]. Al-
though some broad unidentified peaks were detected, major
diffraction peaks could be indexed according to the hexago-
nal supercell of the B polytype. The lattice parameters for
the oxidizedRCuG,, s samples as a function of the rare-earth
ionic radiusr g are shown in Fig. &). The supercell param-
eters are estimated to ba~v3a, (~6.42 A) andc
<2/3co(~10.5 A), wherea, andc, are the lattice param-
eters obtained for theR-polytype RCuO, delafossites.

Powder XRD patterns of the (Y ,Ca)Cu0O,, s samples
after post-annealing in flowing as are shown in Fig.(8).

For all the patterns witkk<0.1, the major phase was iden-
tified to be an orthorhombic supercell wita~v3a,
(~6.18 A), b~2a} (~7.14 A), andc~c{(~11.2 A), as
previously reported for YCufss'° Besides those for the
oxygen-rich phase, unidentified small diffraction peaks were
detected, especially for the samples with0 andx =0.075,
as marked with solid circle&®). Figure &b) shows the lat-
tice parameters versus Ca contextfor the oxidized
(Y1-4Ca)CuO,, s samples. For all these samples, bath
andb increase gradually against the Ca contenthile c is
nearly independent of.

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

Oxygen content of the as-sintered samples was deter-
mined by the thermogravimetric reduction method, which
has commonly been adopted for high- copper-oxide
superconductor&: In this method, the sample is heated up to

sample under an Qatmosphere is shown in Fig. 4. Upon 1000 °C in flowing 96.4% Ar-3.6% Hin a thermobalance,
heating at 1 °C/min, the weight is unchanged at temperatureand from the total weight loss the amount of oxygen in the
below 200 °C. The most significant weight gain starts atstarting material can be calculated if the final products are
~370°C. On continuously heating, the sample weightknown. Since the as-sinterd®®RICuO, samples easily absorb
reaches a plateau between 370 and 600 °C, and then deumidity fresh powdered samples were prepared before the
creases rapidly above 600 °C before the final decompositiomeasurements. In Fig. 7, a typical TG curve obtained for the
into Nd,CuQ, and CuO. The recorded powder XRD pattern as-sintered NdCuQDsample under a reducing atmosphere is
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FIG. 3. (8) Powder XRD patterns for (¥ ,Ca)CuO, with 0
<x=<0.15. For the samples with<Ox<0.1, almost all diffraction
peaks are indexable with the lattice parameters3.52 A andc
~11.42 A. Unidentified peaks are marked with solid circlés).
Lattice constanta andc as a function of Ca conter; (@, A), this

work; (V, O), Ishiguroet al. (Ref.

14; (O, A), Cavaet al. (Ref.

19). In the present results, the (Y,Ca)CuO,, s samples with 0

<x=0.1 are nearly single phase.
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FIG. 4. Change in weight of powdered NdCu®ample in a
commercial TG on heating in flowing Ogas at 1 °C/min to
1000 °C. The delafossite-type NdCw(phase remains below
~200 °C, and then, significant weight gain begins at higher tem-
peratures. Oxygen content+2, corresponding to weight gain is
shown in the right-hand scale.

marized in Table lll. In this table, the results of the
additional Coulometric titration analyses are shown in brack-
ets. The accuracy of the oxygen content determination by the
TG methods corresponds to an errorz00.03 oxygen atoms
per formula unit(f.u.). In the case of the Coulometric titra-
tions the error is supposed to he0.02. Each as-sintered
sample appeared to have a nearly stoichiometric oxygen con-
tent, namely, 2.08 0.03 oxygen atoms per f.u. Upon anneal-
ing under oxidizing conditions excess oxygen corresponding
to =0.5 atoms per f.u. was found to incorporate into the
structures for all the samples studied. Thus, in the case of
R=La, for example, formal values of the copper valence in
the as-sintered and post-annealed samples+ate®4 and
+2.28, respectively.

D. Electrical properties

Figure 8a) shows the temperature dependence of electri-
cal resistivity (p) in a logarithmic scale for the oxidized
RCuG,, s and (Y,CaCuO,, s samples. The magnitude of
around room temperature for all tRRCuO, samples without
excess oxygend=0) is as high as=10° Q cm. Thep vs
T curves for all the samples except for PrGu@are quite
similar. That is, for each sample, thevs T curve shows

TABLE Il. Post-annealing conditions for bar-shap&CuG,
and Ca-doped YCugin flowing O, gas.

shown. When heating at 2 °C/min, the sample was rather
stable at temperatures below200 °C. The reduction oc-

Annealing conditions

curred in two steps above 200 °C. The reduction productsaCuQ,

were confirmed by XRD to be N®; and Cu metal. Further- PrCuG

more, the oxygen content of the oxidized samples was obNdCuQ,
servedin situ on annealing the as-sintered samples in a thersmCuQ
mobalance as shown in Fig. 4, since the amount of oxygen iEuCuG

the starting materials was already fixed. For all the samplesyCuO,
careful TG measurements under reducing and oxidizing aty; o«Ca, ,<CuO,
mospheres were carried out, and the obtained oxygen coly, (Ca, ,Cuo,

380°C, 96 h
400 °C, 96 h
370°C, 96 h
400 °C, 96 h
400 °C, 96 h
450 °C, 96 h
450 °C, 96 h
450 °C, 96 h

tents in the as-sintered and post-annealed samples are sug
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FIG. 5. (@) Powder XRD patterns for oxidizeRCuO,, s with Ca Content x
various rare-earth element®=La, Pr, Nd, Sm, and Bu Post-
annealing conditions in £are summarized in Table II. Almost all FIG. 6. (a) Powder XRD patterns for (yY_,Ca)CuO,. ; with

diffraction peaks are assigned with hexagonal supercell parametegs<x<0.1 after post annealing in flowing,@as. Each sample has
of a~v3a(~6.42 A) andc=2/3co(~10.5 A). (b) Lattice con-  an orthorhombic distortion of supercell parameters veithv3a,,
stantsa andc as a function of rare-earth ionic radiug: (@, A), (~6.18 A), b~2a)(~7.14 A), andc~c{(~11.2 A). Impurity
this work; (O, A), Cavaet al. for LaCuQ,, 5 (Ref. 19. peaks are marked with solid circlg®) Lattice constantsg, b, and

. . . . . . c as a function of Ca content
semiconducting behavior being in good agreement with the

data previously reported for YCyQs and LaCuQ, s*° For T curves will be discussed later. In the case of the
PrCuG g, p increases rather rapidly with decreasing tem-(Y,CaCuO,, s system, on the other hand, the samples be-
perature in comparison with the other samples, and turns intoome more conductive with increasing Ca content. This is
insulating behavior at temperatures below 150 K. In theprobably due to a slight enhancement in the mobile carrier
NdCuQ, g3 SmCuQ 4, and EuCuQgs; samples, anomalous density through the partial substitution of trivalent Y by di-
behavior is observed at low temperatures around 50 K. Sincealent Ca. In Fig. &), the resistivities (Irp) as a function of
the electrical properties iRCuO,. s samples are likely to be reciprocal temperatureT( 1) for the oxidizedRCuO,, ; and
related to magnetic properties, these anomalies inptls  (Y,CaCuG0,, ;s samples are replotted. The obtainedplrs



3462 KAZUYUKI ISAWA et al. 56

a RCuO
100 6_( ) PrCu0, , 240
flowing in H, (3.6%) gas
5 (Y09Ca,4)CUO, 4
@ 99 E al (Y.95C9,05)CUO, 4o
< o
= a YCuO, 54
D ogl o [smcuo,
(] )] ol
= S
1L
97| NdCuO,,
NdCuO, 202
Nd,O0;+Cu ol
96 | 1 T ll -1 1 1 | | | 1
0 200 400 600 800 1000 0 50 100 150 200 250 300 350
Temperature (°C) Temperature (K)
FIG. 7. Typical TG curve of NdCugin reducing atmosphere. 250 TK) 125 100
By powder XRD measurements, the NdGughase was found to 15 : , T
be decomposed into N@; and Cu metal above=500 °C. For each (b) PrCu0,,
sample, oxygen conteny) in the sample is calculated by the fol- Y. .Ca..CuO
lowing equation:RCUQ,+ H,— R,03+Cu+H,0(1). 0 0asETOOR T4
-1 . . Y09Ca9,Cu0, 47
T~ * curves are pseudolinear in the temperature range be-=
tween 325 and 200 K with the exception of the PrGy9O 5
case. Furthermore, the slope of the curves, ie., & st EuCuO,5
d(In p)/d(T~1), is nearly independent d®. The activation = SmCuO, ¢,
energies E,) are obtained from the following Arrhenius £
equation: ol NACuO;e,
p(T)=po eXp(Ea/kgT), 1) RCuO,
wherep, is a temperature-independent constant land the 5 . ! !
Boltzmann constant. According to the Arrhenius plots shown 2 4 ; 63 ; 8 10
in Fig. 8b), the electrical conduction iRCuG,, s is likely T (107" K™)

due to thermally activated carriers. The obtained values of . o
E, were ~0.2 eV for all the samples other than fe=Pr. FIG. 8. (a) Temperature dependence of electrical resistiyity

Since pellets of the obtained samples are not quite densf®" oxidilzedNRCu(?]ZM r;nd (Yl,?CaK)ith:;JOOzf,;lse(\jmgles in logarith-
further studies are required to clinch whether the grain/1¢ Scale. Note that the sample witt0 included the minor im-

boundary effects on resistivity are dominant or not. purity phase of &-polytype YCuQ delafossite(b) The relation-

Previously, high electrical conductivities  of ship between Iip andT~* for the oxidized samples.
~10° Q! cm ! have been reported for platinum and palla-
dium delafossiteé* In both of these structuresA@0,) the
noble-metal ions occupy the same site as coppdR@uG,

TABLE IIl. Oxygen content, 2§, in the RCuG,, s and Ca-doped YCug) s samples as analyzed by
thermogravimetri¢TG) measurements. In comparison, oxygen content obtained by the Coulometric titration
is shown in the bracket.

Post-annealed

As-sintered in flowing O, gas

LaCuO,, 5 2.02 (+0.03) Cuto4 2.64 (=0.03) Cu?%

[2.03 (=0.02)] [2.63 (+0.02)]
PrcuG, s 2.00 (+=0.03) 2.62 (-0.03)
NdCuQ, 5 2.02 (=0.03) 2.62 (-0.03)
SmCuQ, 5 2.09 (x=0.03) 2.63 (-0.03)
EuCuQ, 4 2.04 (=0.03) 2.65 ¢0.03)
YCuO,, 5 2.08 (=0.03) 2.58 (-0.03)
Y 0.0:C& oCUO,, 5 [2.02(=0.02)] 2.49 (=0.03)

Y 0.6Ca 1CUOs, [1.99(=0.02)] 2.47 (+0.03)
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(A site), and the conduction band is supposed to be caused 8
by strong metal-metal interactions among #site ions due

to the rather short metal to metal distanceg), e.g.,dy

~2.83 A for Pt-Pt in PtCo@ Contrary to such a shod, in 6
the noble compounds, much larghy for Cu-Cu is observed
for the RCuQ, phases, e.g.dy~3.83 A in LaCuQ. For
RCuG,, dy, slightly depends omg which affects thea-axis
length. Therefore, the conduction mechanismsRGuG,
phases and oxidized phase$x0.5) are likely different ac-
cording to the aforementioned model which typically de-
scribes the conduction in D3 of a corundum structuré. SMCUO,
Based on photoabsorption spectra, on the other hand, Cavi LL SMCu0, ¢;
etal’ concluded that the conduction holes in both \»

YCuO,, sand LaCuQ, shad Cu 3 character, but the over- 0- LaCu0
lap between O g and Cu 3 was small, as compared with ! | . . e
that in highT. superconducting cuprates, causing the high 0 50 100 150 200 250 300
resistivities of these compounds. Band-structural analyses of Temperature (K)

RCuG, 5, especially in the vicinity of the Fermi level,

would be of interest for future studies. 8

x (10-5 emu/g)

C b)
" (

_ _ cal RCuO, ;

E. Magnetic properties +

I"'eff./M'B
N W s o
T T

Figure 9a) shows the temperature dependence of the dc 6
magnetic susceptibilityy) for the oxygen-richRCuO,, s
samples. Furthermore, for the samples vt Pr, Nd, and
Eu, the reciprocal susceptibilitieg ! as a function of tem-
perature are replotted in Fig(l9. Now, we discuss the effect
of post-annealing oty for the case oR=Sm, for example.
In comparison with oxidized SmCuyQ,; x of as-sintered
SmCuQ (9 (dashed lingis nearly independent of tempera- 2
ture above 10 K, and below 10 K it slightly increases with
decreasing temperature. The former behavior is consistent s
with that expected for a nonmagnetic systé3d'? for Cu* . ; . . .
ions), while the latter is supposed to be due to small mag- 0 50 100 150 200 250 300
netic impur_ities _Which are not detected by XRD analysis Temperature (K)
and/or lattice imperfections. It was also found that
temperature-independent susceptibility increases slightly FIG. 9. (a) Temperature dependence of the magnetic suscepti-
upon post-annealing. The slight increaseyican be attrib-  pility (y) for oxygen-richRCuO,, ; samples. To comparisoy, vs
uted to the Pauli paramagnetism of free carriers, since th® curve for as-sintered SmCyg is also plotteddashed ling (b)
oxidized sample is conductive, though not a metallic conducThe reciprocal susceptibilityl/(x— xo)] as a function of tempera-
tor but a semiconductor. Similar results in termsygfwere  ture for the sample witiR=Pr, Nd, and Eu. Arrow indicates the
observed for all the oxidizeRCuO,, ;s samples. temperature deviated from the straight line. Inset: the effective mag-

On the other hand, the temperature dependengeimfll netic momentu With respect to rare-earth elements. The calcu-
the oxidizedRCuO,, s samples exhibited a basically Curie- lated valuesu, using the table in the literatu@®ef. 26 is shown
Welss_type behav|or For each Samp{emonotonlca”y in- in the Open. circle. The.Obtained Valuﬁ%bs— bas.ed upon the Curie-
creased on cooling down to 2 K. As clearly seen in Fign)9  Weiss relatior[Eq. (2)] is plotted as a solid circle.
all the y 1 vs T curves are essentially straight at tempera-
tures above=100 K. For each sample, an effective magneticwhere N, is the number density of magnetic ions, i.R,
momentui was estimated by the curve fitting based on theand/or Cu per unit volume. The.; values are shown in the

p'c:bs

o =

La Pr Nd Sm Eu

x-1 (104 g/emu)

o PrCu0Q,g,
e NdCuO,,,
s EuCuO,¢s

Curie-Weiss relation: inset of Fig. b) (solid circleg, being calculated from the
linear portion of the g—xo) ! vs T plot. Assuming that

C R and Cu ions are, respectively, trivalent and divalent, the
X=Xot T=0) (20 average magnetic moment., is also plotted for each

sample in the insetopen circles In this calculation, we
employed values for the effective magnetic moments of
R3* and C@" ions tabulated in Ref. 26. A typical value
obtained by the Curie-Weiss fittingy,s was 0.4%ug (up is
the Bohr magnetonfor LaCuQ, g, for instance, which is
N2 comparable to that of 0.8 previously reported for
C— mheff 3) LaCuQ, 5. *° However, all the measured valugs,,s are
3kg ' nearly half of the expected valugs,. Such small effective

whereC is the Curie constant anflis the asymptotic Curie
temperature. Now, we can calculates for each sample
using
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The other possibility is ladder chains of copper ions which

FIG. 10. Temperature dependence of the magnetic susceptibilitpre coupled to yield linear Cu-O-Cu bonds, and each ladder
(x) for (Y1-4Ca)CuO,, s samples after post-annealing i, @as. is coupled to form nearly 90° Cu-O-Cu bonds as in
The core diamagnetis.e had been subtracted. For each sample,SrCu,0,.1 In this case, experimental results are usually ana-
x minimum (x i) is observed at temperatures marked with arrow.|yzed by employing Troyer's equatiofl.For the “oxidized”
Solid line represents fitted curve based on the Troyer's equatio('Y,Ca)CuOH,; phases, on the other hand, the conjunction
[Eq. (4), see text. After subtraction the Curie terny, vs T curve s gtryctures of the Cu-O bonds are not clearly known for the
replotted especially for the sample wi0.025. Inset: the ob- |ack of structural refinement data at present. However, the
servedymin With respect to Ca conter, decrease iry resembles the behavior reported for the ladder
compounds, $r;Cu,,10,, (n=3,7) (Ref. 1) and
{La,SPCuO, 5° rather than that of the chain material,
Sr,Cu0;,.1°

Assuming that the magnetic property of the
(Y,CaCu0,, s phases is dominated by a two-leg ladderlike
Cu-O conjunction, we may discuss thess T curve employ-
?ﬁg a similar scenario proposed for the ladder compounds. In
a two-leg Heisenberg laddey(T) is empirically expressed
"y the following formula®®

magnetic moments may be a common feature for spin

frustrated systents.As previously mentioned, some anoma-

lies in the p vs T curve were observed for a couple of

samples. According to Fig.(B), it seems that eack™* vs

T curve deviates from straight lingnarked with arroyat a

temperature corresponding to that detected for the anomali

in the p vs T curve. Therefore, the anomalies in resistivity

are suspected to be caused by a certain magnetic orderi

probably by an ordering of spins of the rare-earth ions.
The y vs T curves after subtracting the core diamagnetism

Xcore t€rm are shown in Fig. 10 for oxidizey,Ca)CuG,, 5 c A

samples. They,e Values were quoted from the literature; x(M=xot =——+aT 2 ex;{ —) , 4

Y3*t.—24; C&*:—13.3; C¥":—13; & :—12.6 (all in unit (T—9) T

of 10~ ¢ emu/mo).?® Apparently, all they vs T curves ex-

hibit a peculiar behavior. That is, for each samplede-  Wherey, is a temperature-independent term, the second term

creases gradually with decreasing temperature and showsisa@ Curie-Weiss contribution to be attributed to lattice im-

broad minimum ;) at temperatures around 150 K, and perfections or impurity phases as discussed previously, and

finally follows a Curie-like behavior below 100 K. Further- the third term is the susceptibility of a two-chag+ 1/2

more, the temperature at which showegl,, was found to  Heisenberg antiferromagnetic ladder at temperatdresi

depend on the Ca contert as clearly seen from the data as proposed by Troyat al*® with « andA being a constant

given in the inset of Fig. 10. In this regard, the minimum inand the magnitude of spin gap, respectively. Temperature-

x had also been observed in a high-purity non-Ca dopeéndependenf, may be given by

YCuO, 5; sample at temperatures around 106°Kut not in

our YCuG, 5g sample containing a large amount of impurity

phase such asRtype YCuQ. X0= Xcore™ XvvT Xpauli™ XLandaw 6)
Since the unusual temperature dependence might be

due to the presence of a spin gap we tried to analyzg ttee  where yyy is the Van Vleck termyp,i is the Pauli para-

T curve in the framework o6=1/2 Heisenberg antiferro- magnetic contribution ang, ,,q42,iS the diamagnetic orbital

magnet. The following two possible origins are considered ircontribution from conduction electrons. For conventional

terms of conjunctions consisting of copper and oxygen ionsmetals, x| angauis Simplified asy| andad — 1/3xpaui, >+ SO that

One possibility is simple chains of copper ions which areit may be negligible.

coupled to form 90° Cu-O-Cu bonds as in,Gu0,. 1% In The fitted curves based on E@) are replotted in Fig. 10

this case, the temperature dependence of the susceptibilifgolid lineg. The fitting parameters are summarized in Figs.

may be given theoretically by a Bonner-Fisher-type model ad1(a)—-11(d) in terms of the Ca content As observed in Fig.

recently demonstrated by Motoyama and co-work&f&:2°  11(a), the Curie component is small for each sample such
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that only 3.6—-5.2 % of the free € spins are effective if Spin gap was recently demonstrated in a “plaguette”-type
s=1/2 andg= 2. This fraction of the C# spins is one-order CaV,4Oy phase®® In this structure, a depleted square lattice
of magnitude higher than that reported for SOy (Ref. )  €Xists, and four-spin plaquettes are connected with their
and SpCu0;,1° and of the same order as that reported forneighbors. Typical examples of spin gap were given by Ueda
(ST,Ca;,CyO41.° Previously, Kato, Shiota, and Koikero- €t al; and otherd***as follows: (i) the s=1 antiferromag-
posed that among the two Cu sites(8r,Ca,,Cu,,0,,, i.e.,  Netic Heisenberg chairtii) the double chairs=1/2 mode},

2D Cuw,0; plane site and 1D Cugkhain site, the Curie com- (iii) the s=1/2 Heisenberg antiferromagnetism irkagome
ponent was from the Gl spins in the Cu@ chain site. lattice, and(iv) the Kondo spin-liquid phase in the Kondo
Since the site for excess oxygen atomE(Y'nCa)Cuonr(s is lattice model at half fIIIIng In order to refine the CryStaI
presently unidentified, it is difficult to conclude whether the structure of the preseRCUO,. ; and (Y,CaCuO,, s phase,
small value for the C&f spin in this compound is intrinsic or Nneutron-diffraction measurements are in progré2s.Why

not. For the sake of further discussions, we assume that th&as such a spin-gap-like bulk susceptibility observed only in
Curie component is from isolated defects or a certain imputhe case oR=Y? The difference in the crystal structure is a
rity phase. Note that the interaction energy between the magrossible answer. That is, after sample annealing, only
netic moments is negligibly small because the magnitude ofY,CaCuO;, ; kept the orthorhombic symmetry, while other

¢ is approximatef 1 K for each sample. The increasejg =~ RCUO,. s phases were of the hexagonati olytype. (3) If

with doping[Fig. 11(b)] may be attributed to the evolution of (Y,CaCuO,,;is a new spin-gap phase, why does the mag-
an in-gap state as proposed Kd)_ra,SﬁCqu_s_G As seen in nitude of A become Iarger upon carrier doping? Generally
Fig. 11(d), the magnitude ofA is large =600K), and it speaking, the magnitude df in high-T. superconducting
increases monotonically with increasing Ca conterih lad-  cuprates gradually goes down to a value corresponding to the
ders, the magnitude of superexchange coupliiggenerally  optimized T, i.e., T{®™ as carrier-doping proceeds in the
given byJ~2A on the basis of theoretical resuft§’and the  underdoped regioff. On the contrary, a slight increase in the
x vs T curve should have a maximum at the temperaturamagnitude ofA by carrier doping was observed for two-leg
which corresponds td. Contrary to this expectation, a broad ladders in (La, Sr)Cugx.® Thus, it is still unclear how the
maximum in they vs T curve at a temperature around 400 K carrier doping affects the magnitude &f Measurements of
was reported for a non-Ca-doped YCu) sample, for the magnetic susceptibility at high temperatures up to

which the magnetic susceptibility was measured up to 70Q&<700 K are in progress to obtain more precise valuea of
K.'® Thus, the chances are that the magnitudd obtained  than those reported in this paper.

by curve fitting in the present work may be overestimated by
a factor of 2. Such a discrepancy could be caused by follow-
ing reasons(i) the ambiguity in curve fitting using Eq4)
for the lack ofy vs T data at temperatures higher than 350 K,
and/or(ii) a frustrated coupling constantmay be taken into
account inJ. An underestimation in the magnitude Af o
when Eq.(4) was employed was pointed out for the ladder BY thermal oxidationRCuO, and Ca-doped YCup
compounds(Sr,Ca,,ClipsOuy. *° samples yielded delafossite-deriveRICUO,, s phases for

Subtracting the Curie term, the magnetic susceptibility defare-earth element=Y, La, Pr, Nd, Sm, and Eu. The
creases gradually with decreasing temperature down tgrystallographic structures of those phases were found to be
~100K, and then gets leveled off at low temperatures a&f the hexagonal B polytype forR=La, Pr, Nd, Sm, and
shown in Fig. 10 for thex=0.025 sample(dashed ling Eu, and orthorhombic fdR=Y. The oxygen content in each
Apart from the residual value at low temperatures, the curRCUO,, 5 sample was analyzed by two different chemical
vature of the correctegt vs T curve is rather similar to that Methods and was confirmed to be2.6 per f.u. For all the
for two-leg ladders in SrGiDs, but unlike that for three-leg S@mPples, electrical resistivity exhibited semiconducting be-
ladders in SYCusO5 which is spin gapless. Now we suppose _hawor at temperatures below 325 K, the magnitude being
that the constant residual susceptibility represents contripundependent of the spices B An unusual temperature de-
tions from yyy and xpayi [in EQ. (5)]. Since bothy,y and pendence of the magnetic susceptibiliyy, that y decreased
Ypaui have not been estimated f6¢,CaCu0,, 5, we employ with decreasing temperature was observed for the Ca-doped
typical values reported for some other cuprates, ey YCuQ,, s samples, but not for samples wii=Y. This un-
=6x10°5 (emu/mo) for LaCuO,s (Ref. 6 and xpaui usual magnetic behavior was discussed using the model pro-
—5.01x 10" ° (emu/mo) for Lay S o:CuO,. 2 The sumof Posed for two-leg Heisenberg ladders in the framework of
these values gives a similar figure to that observed for th&1€s=1/2 He,'se”befg antiferromagnetism. The curve fitting
residual susceptibility in the case at=0.025 [~11 using Troyer's equation yielded a Igrge value for't.he spin
X 10~ (emu/mo)]. Thus, the unusual temperature depen_ggp,_ABGOO_K, andA was fpund to increase quasilinearly
dence ofy measured fofY,CaCuO,, , is likely to indicate  With increasing Ca content, in (Y1 ,C8)CuG; s
the presence of an energy gap in the spin-excitation spec-
trum, i.e., a spin gap.

Finally, we raise the following three questior{¢) Does ACKNOWLEDGMENT
the two-leg ladderlike Cu-O conjunction really exist in
(Y,Ca)Cu0,, s? Such a conjunction may not be necessary to The authors are grateful to Professor K. Yamada of To-
produce the observed magnetic properties. The existence ofteoku University for his helpful discussions.

IV. SUMMARY
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