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Electronic and magnetic properties of Cm in Pb2Sr2Cm1ÀxCaxCu3O8 „xÄ0.0 and 0.5…

S. Skanthakumar, C. W. Williams, and L. Soderholm
Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439

~Received 10 May 2001; published 24 September 2001!

A combination of x-ray diffraction, x-ray absorption spectroscopy, and magnetic susceptibility measure-
ments have been used to study the physical properties of Pb2Sr2Cm12xCaxCu3O8 (x50.0,0.5). These Cm
compounds are isostructural with the superconducting members of the Pb2Sr2R12xCaxCu3O8 ~R denotes rare
earth! series. X-ray absorption and magnetic susceptibility data clearly indicate that the Cm is trivalent in this
compound, consistent with the superconducting members of this series. However, Pb2Sr2Cm0.5Ca0.5Cu3O8 is
not superconducting. Furthermore, the Cm spins are found to magnetically order in the parent compound
Pb2Sr2CmCu3O8 with an ordering temperature of 18 K. Suppression of superconductivity is observed together
with high-magnetic ordering temperatures in other high-Tc related compounds synthesized with Cm. The
results determined here are put into context with these previous observations.

DOI: 10.1103/PhysRevB.64.144521 PACS number~s!: 74.72.2h, 75.30.Et, 61.10.Ht
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I. INTRODUCTION

The rare-earth~R! substitution effects on the high-Tc se-
ries RBa2Cu3O7, R22xCexCuO4, and Pb2Sr2R12xCaxCu3O8
have been studied in great detail using a wide variety
experimental techniques.1 The superconducting behavior e
hibited by these three different series of substituted Cu
ides are generally not affected by the nature ofR, although
the R may carry magnetic moments as high as 10mB . Mag-
netic quenching of superconductivity does not occur in th
materials because the superconducting electrons reside i
planar CuO bands and the CuO andR sublattices are effec
tively electronically decoupled. This isolation is consiste
with the known electronic behavior of the 4f electrons,
which are generally well localized, and are well modeled
simple, single-ion approaches. Despite this general tre
there are severalf ions that, when substituted into one
more of the series listed above, do have a pronounced e
on superconductivity. These ions, which include Ce, Pr,
Am (Z595) and Cm (Z596), can be divided into two
classes. TheR ion in the Ce and Am analogs, if formed, a
tetravalent,2,3 whereas all the otherR are trivalent. It has
been demonstrated that the introduction of a tetravalenR
suppresses superconductivity. The extra charge introduce
the Ce41 or Am41 is transferred to the CuO2 planes, reducing
the charge carriers. The situation is different with theR for
Pr and Cm analogs of these materials. Both these ions ap
to be trivalent and yet Cm, and sometimes Pr, suppress
perconductivity through a mechanism that is not yet co
pletely understood.4 However, it is clear that whenTc is
suppressed theR moments order at anomalously high tem
peratures.

The parent compounds Pb2Sr2R12xCaxCu3O8, for which
x50, form an isostructural series over a wide range ofR,
including Y, La-Lu~Refs. 5 and 6! and the actinide Am.3 The
parent compounds themselves are not superconducting
though superconductivity can be induced by oxidizing so
Cu21, either by making the sample substoichiometric
R31, or by replacing someR31 with Ca21.7 Generally su-
perconductivity is observed for 0.2,x,0.8 in
Pb2Sr2R12xCaxCu3O8, with the optimum Ca concentratio
0163-1829/2001/64~14!/144521~8!/$20.00 64 1445
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of 0.5 for highestTc . The superconducting critical tempera
turesTc are about 70 K for most of the series, althoughTc
is 61 K for the Pr analog, about 10 K lower than the rest
the series. Magnetic and inelastic neutron scattering stu
have shown Pr to be essentially trivalent in Pb2Sr2PrCu3O8.

8

It should be noted that the Pr moments order at 6 K,9,10

which is significantly higher than the otherR substitutes,
despite the relatively small local moment on Pr. In contras
the other members of the series, neither the Ce nor the
analog has been found to be superconducting. Detailed s
ies of these analogs have shown that, although the c
pounds are isostructural with other members of this ser
both Ce and Am are tetravalent.2,3 In the work presented
here, we have synthesized theR for Cm member of the
Pb2Sr2R12xCaxCu3O8 series forx50 and 0.5, and have char
acterized their structural and magnetic properties. X-ray
sorption near-edge structure~XANES! experiments were
conducted near the CmL3 , L2 , and L1 edges in order to
ascertain the oxidation state of Cm. XANES has been u
extensively to determine the ion-specific valence states
complex compounds.11 The atomic structure was determine
by combining x-ray powder diffraction and extended x-ra
absorption fine structure~EXAFS! data. Cm has been chose
for this study because it has a tetravalent/trivalent reduc
potential similar to Pr and Tb but its 5f orbitals have a
slightly larger radial extent than the 4f orbitals of Pr. In
addition, Cm31 has aS7/2 Russell-Saunders ground state th
to first order, is not influenced by the symmetry of the crys
field potential in which it is situated. These unique attribu
form a contrast to the properties of the other members of
series and are expected to add insight into the suppressio
superconductivity and the concomitant high magnetic ord
ing temperatures seen for Pr and Cm in other high-Tc related
materials. Indeed, Pb2Sr2Cm12xCaxCu3O8 is not supercon-
ducting and the parent,x50, compound exhibits evidence o
magnetic ordering of the Cm moments at about 18 K.

II. EXPERIMENTAL DETAILS

Powder samples of Pb2Sr2Cm12xCaxCu3O8 (x50.0,0.5)
were prepared by solid-state reaction techniques. S
©2001 The American Physical Society21-1
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FIG. 1. The CmL3-edge XANES spectra for
Pb2Sr2Cm12xCaxCu3O8 ~x50.0,0.5! with spectra
of trivalent (Cm2CuO4) and tetravalent (CmO2)
standards. The fluorescence data are shown
Pb2Sr2Cm12xCaxCu3O8, while transmission data
are shown for the standards. The inset shows
first derivative of the intensities. The similarit
between the spectra obtained from Cm trivale
standard and Pb2Sr2Cm12xCaxCu3O8 indicates
that Cm is trivalent in Pb2Sr2Cm12xCaxCu3O8.
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248Cm is a man-made radioactive isotope with limited ava
ability, sample sizes were restricted to less than 10 mg.
tails of the synthetic procedure were determined from su
gate work on the Pr analog because of the similarities o
and Cm solid-state chemistry. Stoichiometric ratios of Pb
CuO, CaCO3, SrCO3 and Cm as the oxalate, were mixe
pelletized, and prefired at 750 °C for two days in N2 contain-
ing 2% O2. The samples were reground, repelletized, a
sintered at 750 °C under a N2 atmosphere for two days. Thi
procedure was repeated until the x-ray diffraction da
which were taken on a Scintag theta-theta diffractometer~Cu
Ka radiation!, showed the sample to be single phase. Ro
temperature x-ray diffraction data were analyzed using
general structure analysis system~GSAS! program.12 Two
wavelengths,Ka1 ~1.5405 Å! andKa2 ~1.5443 Å!, were used
with a relative ratio of 0.5 for the structural refinement.

The magnetization experiments were conducted usin
superconducting quantum interference device~SQUID! mag-
netometer over the temperature range of 5–320 K. Sam
masses forx50.0 and 0.5 were 3.23 and 6.98 mg, resp
tively. Magnetizations versus applied field were measure
5 K to check the assumed linearity. A magnetic field of 5
G was used for susceptibility measurements whereas
magnetic fields~,20 G! were employed to detect superco
ductivity. Samples were doubly encapsulated in Al contain
for these measurements to prevent radioactive contam
tion, and containers were run separately in order to cor
the magnetization data for background. X-ray absorption
periments were conducted on powder samples at room
perature on the BESSRC bending magnet beam lines
BM-B at the Advanced Photon Source~APS! at the Argonne
National Laboratory. Cm-L1 , L2 , and L3 edge data were
collected employing a Si~111! double-crystal monochro
mator that gives an energy resolution ofDE/E514.1
31025. The high critical energy of the APS ring required th
use of a Pt mirror to remove the higher-order harmonics.
foil was used to calibrate the energy at 18 986 eV. CmO2 and
14452
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Cm2CuO4 are used as the tetravalent and trivalent Cm st
dards, respectively, and the other details of the x-ray abs
tion setup are described elsewhere.13 Data were collected in
the transmission and fluorescence modes simultaneo
Ln(I o /I t) andI 1 /I 0 were used for normalization of transmi
ted and fluorescence intensities, respectively. Data ana
methodology is described elsewhere.14 WINXAS data analysis
software15 was used to fit the EXAFS data. FEFF7.023~Ref.
16! was used to obtain the phase and amplitude functi
required for EXAFS refinement.

III. RESULTS

A. XANES

The Cm L3 edge XANES spectra obtained from
Pb2Sr2Cm12xCaxCu3O8, along with those of the trivalen
(Cm2CuO4) and tetravalent (CmO2) standards, are shown i
Fig. 1.13 The first derivative of the normalized intensitie
used to determine the edge positions, are shown in the in
The fingerprint of Cm31 spectrum is the absorption energ
~first peak of the derivative! at about 18 973 with the maxi
mum absorption at 18 979 eV, whereas the absorption en
peak of Cm41 is at 18 977 eV with maximum absorption a
18 984 eV. The observed 4 eV shifts between trivalent a
tetravalent Cm absorption edges is consistent with the m
nitude in differences observed between other trivalent
tetravalent actinides.3,17–19XANES data for both thex50.0
and 0.5 compounds of Pb2Sr2Cm12xCaxCu3O8 are indistin-
guishable from those of the trivalent Cm standard. Our m
surements ofL2 andL1 edges also showed similar shifts
energy between trivalent and tetravalent Cm.L2 and L1
edges are observed to be at 23 262 and 24 547 eV for tr
lent Cm2CuO4 and Pb2Sr2Cm12xCaxCu3O8, whereas they are
at 23 266 and 24 551 eV for the tetravalent CmO2. These
observations show that Cm is essentially trivalent
1-2
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ELECTRONIC AND MAGNETIC PROPERTIES OF Cm IN . . . PHYSICAL REVIEW B64 144521
Pb2Sr2Cm12xCaCu3O8 for both thex50 and the Ca-doped
sample. Ca doping does not measurably affect the Cm
lence.

B. Crystal structure

In addition to the XANES, Cm-L3 edge EXAFS data
were also obtained. These data, in combination with x-
powder diffraction data, have been used to determine
Pb2Sr2Cm12xCaxCu3O8 (x50,0.5) are isostructural with th
superconducting lanthanide analogs Pb2Sr2R12xCaxCu3O8.
An x-ray Reitveld refinement, constrained to be consist
with the EXAFS results, was used to determine the latt
constants, space group, and overall structure. The EXA
data were used to obtain the Cm-O and Cm-Cu distan
which are difficult to obtain from the x-ray diffraction dat
because of the very weak scattering from O and Cu ato
compared to the heavier atoms, such as Cm and Pb. Se
iterations between fitting the EXAFS data and Reitveld
finements of the x-ray diffraction data were required befor
consistent fit was obtained for all the data.

X-ray diffraction data, which were collected over th
range of 5°–150° at room temperature, show
Pb2Sr2Cm12xCaxCu3O8 samples to be of high quality. Al
observed peaks can be indexed using the same orthorho
space groupCmmmthat was found for the other members
this series.2 The absence of extra peaks in the diffracti
pattern confirms the sample quality. Refined values for
lattice parameters determined from fitting these peak p
tions are given in Table I. The lattice parametersa andb are
contracted whereas thec axis is elongated for the Ca-dope
sample. Similar behavior was observed for otherR analogs
of Pb2Sr2R12xCaxCu3O8.

2,20A comparison between unit-ce
edgesa,b and volumeV for the Cm analog with the othe

TABLE I. Structural parameters for Pb2Sr2Cm12xCaxCu3O8 ~x
50.0 and 0.5! obtained from refinement of the x-ray diffraction an
x-ray absorption fine structure~XAFS! data taken at room tempera
ture. In Cmmm~No. 65!, the crystallographic sites for Cm/Ca, P
Sr, Cu1, Cu2, O1, O2, O3 are 2a, 4l , 4k, 2d, 4l , 4l , 8m, and 16r ,
and their coordinates are~0, 0, 0! ~0, 1

2, z!, ~0, 0, z!, ~0, 0, 1
2!, ~0,1

2 ,
z!, ~0, 1

2, z!, ~1
4,

1
4, z!, and ~x, y, z!, respectively. The occupatio

factor for O3 is 0.25. Coordinates of Pb, Sr, and Cu2 are obta
using diffraction data while O2 coordinates were fixed to the va
obtained from absorption data. O1 and O3 were fixed at~0, 0.5,
0.254! and ~0.945, 0.072, 0.386!.

x50.0 x50.5

a ~Å! 5.4378~1! 5.4253~1!

b ~Å! 5.4756~1! 5.4605~1!

c ~Å! 15.7902~4! 15.8055~4!

Volume ~Å3! 470.14~2! 468.23~2!

z for Pb 0.3885~2! 0.3904~2!

z for Sr 0.2253~3! 0.2241~3!

z for Cu2 0.1109~6! 0.1143~4!

0.1108~35!a 0.1104~35!a

z for O2 0.093~3!a 0.094~3!a

aParameters obtained from EXAFS fit.
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Pb2Sr2RCu3O8 compounds reveals good agreement of o
data with the trend established for the trivalentR. The varia-
tion of the unit cella axis as a function of trivalent ionic radi
is shown in Fig. 2. The ionic radius of tetravalent Cm~0.95
Å! is significantly smaller than that of trivalent Cm~1.10
Å!,3,21 therefore the valence state of Cm is expected to in
ence significantly the lattice parameters. The lattice para
etersa ~Fig. 2! andb and unit-cell volume for variousR in
Pb2Sr2RCu3O8 increases smoothly with increasing trivale
ionic radii with the exception ofR for Ce and Am. Ce and
Am have been previously demonstrated to be tetrava
ions,2,3 which have smaller ionic radii than that of their triva
lent counterparts, therefore accounting for their deviat
from the trend established by the trivalent ions. The latt
constants and volume for Pb2Sr2CmCu3O8 fall on the trend
established by the trivalent ions, confirming our XANES r
sults that showed Cm to be trivalent in this material.

Several space groups including tetragonal (P4/mmm),22

orthorhombic~Cmmm, Pman, Pmmm!,23–26 and monoclinic
(C2/m,P21 /m,P21) ~Refs. 27,28! have been reported fo
the Pb2Sr2RCu3O8 series. Although our data are consiste
with, and are refined in, the space groupCmmm, a close
inspection indicates that the~1, 1, 4! and ~2, 0, 5! peaks are
much broader than~0, 0, 2!, ~0, 2, 0!, and ~0, 2, 5! peaks.
Similar behavior has been previously observed for ot
Pb2Sr2R12xCaxCu3O8, where it has been attributed to
slight monoclinic distortion with a distribution of theb
angle.2,29–31

The x-ray diffraction data between 20° and 150°, toget
with the Cm L3 EXAFS data, were used in the structur
refinement. The diffraction data, over a selected energy ra
~Fig. 3!, and the EXAFS data, together with their Fouri
transform ~Fig. 4!, are shown for Pb2Sr2Cm0.5Ca0.5Cu3O8.
The similarity between data from Pb2Sr2Cm12xCaxCu3O8
and those of the 4f compounds is demonstrated by th
EXAFS data from Pb2Sr2R12xCaxCu3O8

3,32 that is also in-
cluded in the EXAFS~Fig. 4! for R denoting Pr. Metrical
results from the diffraction and EXAFS refinements a
shown in Tables I and II, respectively.

d
e

FIG. 2. Lattice parametera of Pb2Sr2RCu3O8 as a function of
trivalent (R31) ionic radius for variousR. a for otherR, and triva-
lent ionic radii were obtained elsewhere.2,3,21,32 Line is drawn to
show the trivalent trend. Cm is trivalent that whereas Am and
are tetravalent.
1-3
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The refinement was done in space groupCmmm~No. 65!.
The Cm/Ca and Cu1 positions are determined by symme
Thez parameters for Pb and Sr were determined by Rietv
refinement of the diffraction data. The Cu2 position was
termined both from the diffraction data and also from fitti
the EXAFS Cm-Cu distance. The O2 position was de
mined directly from the EXAFS Cm-O fitting and held fixe

FIG. 3. X-ray diffraction pattern and refinement fo
Pb2Sr2Cm0.5Ca0.5Cu3O8 at room temperature. These data were c
lected with CuKa x-rays. The crosses are the observed data and
solid line is the refinement. The difference between the obser
data and the refined structure is shown at the bottom. Vertical l
in the middle indicate the positions of symmetry allowed cha
Bragg peaks originating fromKa1 andKa2 x-rays.
14452
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in the diffraction refinement. The O1 and O3 positional p
rameters were estimated from previous structural work
theR analogs of this structure,2,32 and were held fixed for the
refinement. Their contribution is very small to the total x-r
scattering, which is dominated by the heavy atoms.

All coordination numbers for EXAFS fits were fixed us
ing space group requirements. Introducing three or m
fixed shells into the EXAFS fit to account for Cm-Sr, Cm
Cm, and Cm-O interactions with parameters determined
ther from the structural refinement or, in the case of Cm
from previous work on the Pr analog,2,32 improves the fit.
However, these new parameters that are introduced into
EXAFS model cannot be refined because there are ins
cient data to support more than two shells fit. The refin
Cm-O and Cm-Cu distances were 2.426~24! and 3.241~30!

-
e
d
s

e

TABLE II. The parameters obtained by refining the room te
perature CmL3 EXAFS data of Pb2Sr2Cm12xCaxCu3O8 ~x50.0
and 0.5!. Coordination numbers were fixed at 8 for both O and
based on the space group.

x50.0 x50.5

Cm-O Cm-O~Å! 2.426~24! 2.436~24!

s2 ~Å2! 0.022~3! 0.013~2!

E0 ~eV! 21.41 20.69
Cm-Cu Cm-Cu~Å! 3.241~30! 3.233~30!

s2 ~Å2! 0.010~2! 0.007~2!

E0 ~eV! 21.41 20.69
hed
l

r

FIG. 4. ~a! The Cm-L3 edge fluorescence
k3x(k) EXAFS data ~solid line! from
Pb2Sr2Cm0.5Ca0.5Cu3O8. The best fits using two
Cm-O and Cm-Cu distances are shown as das
lines. ~b! Fourier transforms of the experimenta
~solid lines! and fitted~dashed lines! EXAFS data
before phase shift correction. The Pr-L3 edge
EXAFS data and their Fourier transform fo
Pb2Sr2Pr0.5Ca0.5Cu3O8 are shown in~c! and ~d!,
respectively.
1-4
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ELECTRONIC AND MAGNETIC PROPERTIES OF Cm IN . . . PHYSICAL REVIEW B64 144521
Å, respectively, for the undoped sample (x50.0) whereas
they refined to 2.436~24! and 3.233~30! Å for the x50.5
sample. It should be noted that the Cm-O-fitted Deb
Waller parameter for the parent compound is larger than
pected relative to its doped counterpart. This result, rep
ducible and verified over different synchrotron runs,
unexpected and inconsistent with the higher degree of di
der normally associated with a doped material. It should
further noted that this result does not impact our Cm-O bo
distance because it is the coordination number that is co
lated with the Debye-Waller parameter. Our coordinat
numbers are fixed by space group considerations and
refined from the EXAFS data. The fits to the diffraction a
EXAFS experimental data forx50.5 compound are com
pared with the appropriate data in Figs. 3 and 4.

The Cm-O distances we obtained from the EXAFS
significantly larger than those of AmO and Ce-O in the sa
system.3 This observation in consistent with Cm31, Am41,
and Ce41, the latter two of which have smaller ionic rad
than their trivalent counterparts. The effect of Ca doping
the Cm-O distance is also similar to that observed in ot
trivalent 4f compounds. WhenR is trivalent,R-O distances
increase with Ca doping whereas they decrease in the
ravalent Ce analog.2,33,34 Both x-ray diffraction and absorp
tion experiments clearly indicate tha
Pb2Sr2Cm12xCaxCu3O8 is isostructural to all other
Pb2Sr2R12xCaxCu3O8 compounds and Cm is trivalent in th
system.

C. Magnetic susceptibility

Magnetic susceptibility data, obtained from a powd
sample of Pb2Sr2CmCu3O8 and measured as a function
temperature, are shown in Fig. 5. The inverse susceptib
shown in the inset, increases linearly with temperature ab
30 K. These data were least squares fitted to the Curie-W
law x5C/(T1U), where C and U are Curie and Weiss
constants. The refined parameters areC59.40 K and U
596.8 K for the data between 120 and 320 K. The effect
moment of 8.7(2)mB , obtained from the measuredC using
meff5(8C)1/2, is significantly larger than the 7.94mB expected
for a Cm31 free-ion moment. Cm31 has a spherically sym
metric, 8S7/2 ground state and therefore the crystal field w
not influence the magnetic susceptibility to first order.13 For
comparison, tetravalent Cm has a7F0 , J50 Russell-
Saunders ground state, and hence a free-ion momen
0mB . Therefore, the high value of the effective moment o
served here for Pb2Sr2CmCu3O8 can be accounted for neithe
by crystal-field effects nor by the presence of some tetra
lent Cm. Instead, the large observed moment is evidence
local paramagnetic moment on Cu. When the inverse m
netic susceptibility data fitted between 30 and 90 K, which
below the slight anomaly observed at about 100 K, an eff
tive magnetic moment of 7.8(2)mB is obtained in agreemen
with that expected for a Cm31 free-ion moment. This resul
may indicate that Cu moment ordering occurs below 100
Precedent for a Cu local moment comes from previous w
on CmBa2Cu3O7, which has a measured magnetic mome
of 8.9(2)mB ,35 and PrBa2Cu3O7,

36 in which the Cu moments
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order slightly above room temperature. In contrast to
observations from Pb2Sr2CmCu3O8 and CmBa2Cu3O7, the
measured susceptibility of Cm2CuO4 is 7.89(5)mB , which is
consistent with local moments only on Cm31.13

An expanded view of low-temperature magnetic susce
bility data, shown in Fig. 5~b!, reveals a cusp in the dat
centered at about 18 K. Similar cusps, attributed to the a
ferromagnetic ordering of Cm moments, have been obser
in Cm2CuO4 and CmBa2Cu3O7 at 25 and 22 K,
respectively.35,37 Magnetic neutron diffraction experiments13

unambiguously confirmed the origin of the transition at 25
in Cm2CuO4 as the antiferromagnetic ordering of Cm spin
Although the small sample sizes used here prevented us
obtaining the magnetic ordering details from neutron diffra
tion, we conclude that the Cm spins antiferromagnetica
order in Pb2Sr2CmCu3O8 at 18 K. This conclusion is base
on the similarities in the temperature dependence of the m
netic susceptibility in these two compounds. The tempera
dependence of the magnetic susceptibility
Pb2Sr2Cm0.5Ca0.5Cu3O8 did not show a cusp, therefore the
is no indication for magnetic ordering of Cm ions inx
50.5 above 5 K. This result is consistent with the dilution
the magnetic ions by Ca in this compound.38 Although the
ordering is suppressed in the Ca compound, the strong m

FIG. 5. ~a! The temperature dependence of the magnetic sus
tibility of Pb2Sr2CmCu3O8 and the inverse susceptibility is show
in the inset.~b! Magnetic susceptibility at low temperatures. Th
cusp at 18 K indicates the antiferromagnetic ordering of Cm ion
this compound.
1-5
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netic interactions and hybridization with Cu-O planes th
resulted in the magnetic ordering of the Cm moments in
parent phase will still be present in the Ca-doped sample

Low-field magnetization data obtained fro
Pb2Sr2Cm0.5Ca0.5Cu3O8 showed no indication of a supercon
ducting transition, although the sample was prepared un
conditions that, for lanthanide-doped Pb2Sr2R0.5Ca0.5Cu3O8,
result in bulk superconductivity. Whereas a slight variati
in the Ca concentration~x! from 50% cannot be ruled out
our overall conclusion remains the same because super
ductivity has been observed in otherR analogs for wide
range ofx(0.2,x,0.8).

IV. DISCUSSION

Single-phase samples of Pb2Sr2CmCu3O8 and
Pb2Sr2Cm12xCaxCu3O8 have been prepared following syn
thetic procedures as optimized for Pb2Sr2Pr12xCaxCu3O8.

39

A combination of x-ray powder diffraction and CmL3-edge
EXAFS data have been used to probe the atomic struct
of these materials. The Cm analog of Pb2Sr2RCu3O8 is iso-
structural with the otherR members of this series. The di
fraction lines are indexed, and the positional parameters
refined in the Cmmm space group. As previously obser
for theR denoting Y, Pr, and Tb analogs, the~1, 1, 4! and~2,
0, 5! peaks in theR for Cm sample are also much broad
than ~0, 0, 2!, ~0, 2, 0! and ~0, 2, 5! peaks,2,29–31 indicating
the slight monoclinic distortion found for the lanthanid
compounds is also present in the Cm sample.

The structural data, including the trends established
unit-cell lengths, cell volumes, andR-O bond distances, ar
all consistent with trivalent Cm in these samples. This res
is confirmed by XANES spectroscopy and magnetic susc
tibility data, which clearly show the presence of only Cm31

in both the parent compound and the Ca-doped sample.
result is consistent with the overall redox chemistry of t
rare earths and actinides in the known Cu
superconductors.2,4,8,13,39Am and Ce are the most easily ox
dized, from trivalent to tetravalent, of thef ions found in
these systems.3 Pr, Tb, and Cm can form selected tetravale
oxides, but have been found to be trivalent when associ
with a Cu-O framework. Recently, it has been predicted t
Am will be trivalent in Am2CuO4 and that superconductivity
will be induced by Ce41 doping for Am31.40 This prediction
is in contrast to the trend established to date by the red
active f ions in these oxide systems.

Although Pb2Sr2Cm12xCaxCu3O8 is isostructural with all
the superconducting Pb2Sr2R12xCaxCu3O8 compounds, and
Cm is trivalent, there is no indication for superconductiv
at temperatures down to 5 K. Whereas the Ce and Am a
logs are also not superconducting, thef ions in both these
cases are tetravalent. Both Pb2Sr2Pr0.5Ca0.5Cu3O8 and
Pb2Sr2Tb0.5Ca0.5Cu3O8 are superconducting, although the
analog of theRBa2Cu3O7 series is not, and the Tb analo
does not form as a single-phase sample.

It was observed in an early work o
@La12x(Ba, Sr, Ca)x#2CuO22d that there is a strong correla
tion between superconductivity and the Cu-O bond leng
in the superconducting planes.41 Considerably shorter Cu-O
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bonds were observed for superconducting samples, unco
lated with the effectivef-ion ionic radius. This effect was
clearly demonstrated by the dependence of the supercond
ing transition temperature (Tc) on the lattice parametera,
which is an indirect measure of the planar O-Cu
bondlength. The highestTc was observed for the shortesta,
and Tc was found to decrease with increasinga. As with
other series, the Cu-O bond length is not exactly proportio
to a in Pb2Sr2R12xCaxCu3O8, however, it can be assumed fo
comparison purposes that lattice parametersa andb are pro-
portional to the lengths of O-Cu-O bond. I
Pb2Sr2Cm12xCaxCu3O8, the lattice parametersa and b
shrink with increasing Ca concentrations, similar to the o
served behavior in the otherR analogs.2,20 The relative
change in Cm is similar to otherR except Pr, where rela
tively larger contractions ina and b are observed with Ca
doping. Thea and b axes in 50% Ca-doped Pr compoun
are found to be significantly smaller than those of the C
analog, despite the fact that the ionic radius of Pr is sligh
larger than that of Cm. Since Pb2Sr2Cm0.5Ca0.5Cu3O8 is not
superconducting and it has the largesta and b, it is also
consistent with the trend noticed by Kishioet al.41 that com-
pounds with the largest Cu-O bond lengths have the low
Tcs. A careful comparison of the reported lattice paramet
in theRBa2Cu3O7 series35 also supports this trend. Althoug
the ionic radius of Cm is smaller than that of Nd,a andb in
CmBa2Cu3O7, which is not a superconductor, are grea
than those of other superconductingR.

The antiferromagnetic ordering temperatures (TN) of Cm
in three different high-Tc related compounds along wit
some of their rare-earth analogs are given in Table III. T
Cm magnetic ordering temperature of 18 K
Pb2Sr2CmCu3O8 is the largest in the series. I
Pb2Sr2GdCu3O8, the Gd spins order antiferromagnetically
2.3 K.42 Although Gd and Cm both have anf 7 configuration,
and both have a spherically symmetric ground state wit
large magnetic moment, there is a significant difference
their ordering temperatures. In theR2CuO4 series, similari-
ties are observed in the magnetic properties of Gd and C
which have ordering temperatures of 6.4 and 25
respectively.13,43 Both have the same magnetic structure a
three-dimensional~3D! behavior, and the nearest-neighb
distances are almost equal in all three directions. Since
maximum temperature expected for dipole-type magnetic

TABLE III. Magnetic ordering temperatures (TN) of R in three
superconducting systems.TN of Cm is higher than all otherR, in-
dicating that the magnetic interactions are very strong in Cm co
pounds~Refs. 1, 9, 10, 13, 31, 35, 42–44, 47–52!.

R RBa2Cu3O7 R2CuO4 Pb2Sr2RCu3O8

Pr 17.0 No ordering 6.0
Nd 1.5 1.6 1.7
Sm 0.6 5.95 1.1
Gd 2.2 6.4 2.3
Tb Does not form 9 5.3
Dy 1.3 7 0.9
Cm 22.0 25.0 18.0
1-6
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teractions is about 2 K, it has been concluded that excha
interactions play an important role for the magnetic order
in the R2CuO4 series.44 Although 3D magnetic ordering o
the f moments is observed in theRBa2Cu3O7 and
Pb2Sr2RCu3O8 series, the ordering shows a 2D-like magne
behavior, which is observed even aboveTN .31,44This behav-
ior originates naturally from the 2D-like crystal structur
The R-R nearest-neighbor distance along thec axis ~;15.8
Å! in Pb2Sr2RCu3O8 is about four times larger than that i
the a-b plane ~;3.9 Å!. ThereforeR magnetic coupling
within thea-b plane is expected to be much stronger than
coupling between planes, resulting in the observed 2D
havior. The Gd spins in Pb2Sr2GdCu3O8 order at 2.3 K and
dipole rather than exchange magnetic interactions are
sponsible for the magnetic ordering. In contrast, Cm
Pb2Sr2CmCu3O8 orders at 18 K, where it is clear tha
Cm-Cm exchange interactions play the pivot role. That
exchange interactions are clearly more dominant in the m
netic behavior of the Cm-based materials than in any of
lanthanide analogs is consistent with the known characte
tics of the Cm 5f orbitals, which have a larger radial exte
than their 5f counterparts and therefore are mo
delocalized.4 Cm states may more easily hybridize with th
CuO bands and make the exchange interactions very st
in the a-b plane as well as along thec direction. The nature
of the magnetic interactions is different in Cm and Gd
Pb2Sr2RCu3O8, therefore the magnetic structure may be a
different in these compounds.

The Cm analogs of all the Cu-O series studied to d
have the highestTNs within their series~Table III!. This
result indicates that the Cm magnetic exchange interact
are very strong. Interestingly, all compounds with anom
lously high TN ~Cm compounds and PrBa2Cu3O7! are not
superconducting; an observation that points toward
strong connection between magnetism and supercondu
ity. Our measurements on Pb2Sr2Cm12xCaxCu3O8 confirm
d
.
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the hybridization effects on superconductivity. In Pr com
pounds, superconductivity appears to be dependent on
splitting of the 3H4 Russell-Saunders ground level.8,39 The
superconducting critical temperature appears to corre
with the moment of the Pr ground state. Cm, with its sphe
cally symmetric 8S7/2 ground state, is uninfluenced to firs
order by the crystal field, and therefore Cm always carrie
large moment. All Cm high-Tc related compounds have bee
found to be nonsuperconducting. Cm31 5 f orbitals are not as
well localized as their 4f counterparts, and can easily hy
bridize with the CuO planar states responsible for superc
ductivity and situated near the Cm ion. The large magne
moment on Cm can affect the superconductivity by break
the Cooper pairs. The strong bonding between the Cm m
netic f states and the CuO band will make the indirect ma
netic exchange interactions very strong and induce the
spins to magnetically order at unusually high temperatu
Strong Cm-Cm magnetic exchange interactions, implied
the high magnetic ordering temperature, are expected to
mediated along thec direction through the Cu-O layers im
plying a relatively strong Cm-Cu coupling. Such a coupli
has been previously reported in PrBa2Cu3O7.

45,46 These
Cm-Cu interactions influence the Cu sublattice magne
properties sufficiently to suppress superconductivity in
Ca-doped compound. A full understanding of this correlat
between superconductivity andTc suppression requires fur
ther investigation.
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