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Chemical control of hole-doped superconductivity and magnetism in Gd2ÀxCexRuSr2Cu2O10Àd
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Three Gd22xCexRuSr2Cu2O102d samples (x50.5, as prepared and after high pressure oxygenation andx
50.7) have been investigated by synchrotron powder x-ray diffraction and magnetization measurements.
Precise coordinates and site occupancies for the oxygen atoms have been refined from the x-ray experiments.
Estimates of the hole doping of the copper oxide planes based on the bond lengths, via the bond valence sum
method, are found to be inaccurate. However, doping estimates based on the refined oxygen contents are in
good agreement with the variation of superconductivity, and show that chemical doping, rather Cu/Ru band
overlap, is the doping mechanism. The magnetic ordering temperatures of the Ru moments are not a simple
function of the doping concentration, but depend upon both the Gd/Ce ratio and the oxygen content.
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INTRODUCTION

The unusual coexistence of weak ferromagnetism and
perconductivity in the 2122 and 1212 ruthenocuprate1–27sys-
tems R22xCexRuSr2Cu2O102d

2,3 (R5Eu and Gd! and
RuSr2GdCu2O8 ~Ref. 4! has been studied extensively. Th
superconductivity originates in the CuO2 planes and the
weak ferromagnetism is associated with the ruthenate lay
mSR experiments have demonstrated that the materials
microscopically uniform with no evidence of spatial pha
separation of superconducting and magnetic regions.3–5 The
Ru-2122 materials display a magnetic transition atTM
5125– 215 K and bulk superconductivity belowTc
532– 50 K depending on sample preparation and comp
tion. Recent x-ray absorption near edge spectrosc
~XANES! and high-temperature susceptibility studies
R22xCexRuSr2Cu2O10 and RuSr2GdCu2O8 have indicated
that the average Ru valence state is 4.6~Ref. 20! for
RuSr2RCu2O8 and between 5.0 and 4.95~Refs. 24, 25! for
R22xCexRuSr2Cu2O10. A mixed Ru valence has not bee
reported in other ruthenate compounds thus making the w
ferromagnetic superconductorsR22xCexRuSr2Cu2O10 and
RuSr2GdCu2O8 intriguing materials to study and compare

G-type antiferromagnetic order within the RuO2 planes
has been observed in neutron scattering experiments
RuSr2GdCu2O8.12 An upper limit of 0.1mB was obtained for
the ferromagnetic component, which appears to contra
results from SQUID magnetometry and electronic param
netic resonance experiments.19 Variable field neutron diffrac-
tion studies of this material showed that the Ru spins c
into a ferromagnetic arrangement upon the application o
magnetic field and at 7 T the Ru spins are fully ferroma
netic. It is thought that the weak ferromagnetism arises v
canting of the Ru spins in RuSr2GdCu2O8. This occurs due
to the antisymmetric Dzyaloshinsky-Moriya interaction b
tween neighboring Ru moments,28,29which is nonzero due to
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the tilts and rotations of the RuO6 octahedra observed in
synchrotron x-ray and neutron diffraction studies.9–11 A re-
cent neutron powder diffraction study has shown that ro
tions and tilts of the RuO6 octahedra also occur in
Gd1.3Ce0.7RuSr2Cu2O10.25 Furthermore a SQUID magne
tometry study on Eu22xCexRuSr2Cu2O102d

26 has shown that
TM increases with both Ce and oxygen concentration.TM
increases from 125 to 165 K asx increases from 0.5 to 1.0 in
the Eu22xCexRuSr2Cu2O102d solid solutions and from 165
to 215 K asd increases in the EuCeRuSr2Cu2O102d solid
solutions. It has been speculated that as the cerium con
tration decreases there is a concomitant decrease in ox
concentrationd.25 This is in contrast to RuSr2GdCu2O8,
where the oxygen content remains constant upon dop
with Nb or Sn.30,31 Superconductivity only occurs forx
50.4– 0.8 with optimal doping atx50.6 in the 2122
system.26 However the shift inTc from the underdoped ma
terial to the optimal doped material is only 5 K which is
much smaller than observed in the other high-tempera
superconducting cuprates such as La22xSrxCuO4. In order to
observe any correlation between the changes in physical
magnetic properties with the crystal structure upon ceri
and oxygen doping, synchrotron x-ray diffraction studi
have been carried out for three Gd22xCexRuSr2Cu2O102d
samples.

EXPERIMENTAL

Ceramic Gd22xCexRuSr2CuO102d samples (x50.5 and
0.7! were prepared by the solid state reaction of the stoich
metric oxides Gd2O3, CeO2, SrCO3, RuO2, and CuO.
These were ground, die-pressed into pellets and prehe
for 24 h at 1000 °C. The samples were reground, repelle
and sintered for 36 h in air at 1064 °C and then furna
cooled to ambient temperature. Part of the ‘‘as prepar
~asp! Gd1.5Ce0.5RuSr2CuO102d sample was annealed for 24
©2003 The American Physical Society03-1
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at 840 °C under high oxygen pressure~60 atm! and then
furnace cooled to form a more oxygenated sample~hpo!.

Powder synchrotron x-ray diffraction patterns of t
Gd2xCexRuSr2CuO102d solid solutions were recorded o
ESRF beamline ID31~Ref. 32! at 295 K. A wavelength of
0.40027 Å was used and the sample was contained in a
mm diameter borosilicate glass capillary mounted on the a
of the diffractometer about which it was spun at;1 Hz to
improve the powder averaging of the crystallites. Diffracti
patterns were collected over the angular range 2–50° 2u. The
high-angle parts of the pattern were scanned several time
improve the statistical quality of the data in these regio
The counts from the nine detectors were then normaliz
summed and rebinned to a constant step size of 0.001°
each scan.

Zero-field cooled~ZFC! and field-cooled~FC! dc mag-
netic measurements in the range of 5–200 K were perform
in a ~Quantum Design! superconducting quantum interfe
ence device~SQUID! magnetometer. The ac susceptibili
was measured by a home-made probe with excitation
quency and amplitude of 733 Hz and 160 mOe, respectiv
inserted in the SQUID magnetometer.

RESULTS

The synchrotron x-ray diffraction patterns o
Gd1.5Ce0.5Sr2RuCu2O102d ~asp! and ~hpo!, and
Gd1.3Ce0.7Sr2RuCu2O102d were all fitted by the Rietveld
method using theGSAS program.33 The backgrounds were
fitted using linear interpolation and the peak shapes w
modeled using a pseudo-Voigt function. The diffraction p
terns showed that a small amount of Sr2GdRuO6 was
present. This secondary phase was included in the re
ments enabling excellent fits to be obtained~Fig. 1! for all
samples using theI4/mmm structural model for the 2212
phase. This model for Gd22xCexSr2RuCu2O102d is displayed
in Fig. 2 and consists of RuO2, SrO, and CuO2 layers similar
to RuSr2GdCu2O8 but in this case the CuO2 layers are sepa
rated by a Gd22xCexO22d block rather than a single rar
earth layer. No evidence of superstructure or orthorhom
distortion was observed but disordered rotations and tilts

FIG. 1. Rietveld fit to the synchrotron x-ray diffraction patte
of Gd1.3Ce0.7RuSr2Cu2O10. Lower and upper reflection marks co
respond to Gd1.3Ce0.7RuSr2Cu2O10 and the minority phase
Sr2GdRuO6 , respectively.
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the RuO6 octahedra were evidenced as previously seen
RuSr2GdCu2O8 ~Ref. 9! and Pb2RuSr2Cu2O8Cl.32 These
were modeled by splitting the oxygen sites of the RuO6 oc-
tahedra as shown in Table I. All of the metal occupanc
refined to within61% of full occupancy and there was n
evidence of cation disorder. It has previously been repor
that oxygen vacancies in Gd22xCexRuSr2Cu2O102d are lo-
cated on theO(4) site within the Gd22xCexO22d block.27 To
decorrelate theO(4) occupancy from thermal motion, th
occupancy was refined while also refining a single isotro
thermal parameter for all four oxygen sites. The refin
O(4) occupancies were 0.87~1! and 0.95~1! for ~asp! and
~hpo! Gd1.5Ce0.5Sr2RuCu2O102d , respectively. TheO(4)
site was found to be fully occupied in
Gd1.3Ce0.7Sr2RuCu2O102d . The increase in thec parameter
~Table II! on going from ~asp! to ~hpo!
Gd1.5Ce0.5Sr2RuCu2O102d is in accordance with the incorpo
ration of extra oxygen. The reduction in thea cell parameter

FIG. 2. The average crystal structure
Gd22xCexRuSr2Cu2O102d showing the tilts and rotations of th
RuO6 octahedra, with the oxygen sites labeled.
3-2
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TABLE I. Refined atomic parameters for RuSr2(Gd22xCex)Cu2O102d solid solutions from room-
temperature synchrotron x-ray diffraction data. Atom positions are Ru 2~a! ~0, 0, 0!, Sr 4~e! ~1

2,
1
2, z!, Gd/Ce

4~e! ~1
2,

1
2, z!, Cu 4~e! ~0, 0, z!, O~1! 16~n! ~x, 0, z!, O~2! 8~g! ~0, 1

2, z!, O~3! 8~j! ~x, 1
2, 0!, O~4! 4~d! ~0, 1

2,
1
2 !.

Atom Occupancy

Sample~x!

0.5 ~asp! 0.5 ~hpo! 0.7

Ru 1.00 U iso ~Å2! 0.0034~2! 0.0048~1! 0.0053~1!

Sr 1.00 z 0.078 32~3! 0.078 54~3! 0.078 41~2!

U iso ~Å2! 0.0084~2! 0.0081~1! 0.0081~1!

Gd/Ce 1.00 z 0.204 70~2! 0.204 88~2! 0.205 14~2!

U iso ~Å2! 0.0083~1! 0.0054~1! 0.0038~1!

Cu 1.00 z 0.143 98~4! 0.143 73~4! 0.143 67~3!

U iso ~Å2! 0.0060~2! 0.0018~2! 0.0024~1!

O~1! 0.25 x 0.021~6! 0.033~3! 0.046~2!

z 0.0692~2! 0.0687~2! 0.0685~2!

U iso ~Å2! 0.0187~7! 0.0179~6! 0.0125~4!

O~2! 1.00 z 0.1498~2! 0.1481~2! 0.1483~1!

U iso ~Å2! 0.0187~7! 0.0179~6! 0.0125~4!

O~3! 0.50 x 0.125~2! 0.134~2! 0.130~2!

U iso ~Å2! 0.0187~7! 0.0179~6! 0.0125~4!

O~4! n Uiso ~Å2! 0.0187~7! 0.0179~6! 0.0125~4!

n 0.87~1! 0.95~1! 1.0
f
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TABLE II. Refined cell data, agreement factors, and selec
bond lengths~Å! and angles~deg.! for the RuSr2Gd22xCexCu2O10

samples. The ranges of O~1!-Cu-O~2! angles result from the disor
dered tilts of the RuO6 octahedra.

Sample~x!

0.5 ~asp! 0.5 ~hpo! 0.7

a ~Å! 3.83815~1! 3.83772~1! 3.83809~1!

c ~Å! 28.58961~7! 28.59334~1! 28.58528~5!

V ~Å3! 421.165~2! 421.126~7! 421.088~1!

x2 4.17 3.83 4.37
RWP ~%! 12.5 11.9 12.7
RP ~%! 9.3 8.4 8.3
Gd/Ce-O(2)34 2.479~3! 2.514~3! 2.514~2!

Gd/Ce-O(4)34 2.3154~3! 2.3123~2! 2.3081~2!

Cu-O(1)31 2.139~6! 2.148~5! 2.157~5!

Cu-O(2)34 1.9263~4! 1.9229~3! 1.9236~3!

Sr-O(1)32 2.67~2! 2.639~9! 2.608~6!

Sr-O(1)32 2.78~2! 2.820~9! 2.856~6!

Sr-O(2)34 2.804~3! 2.764~3! 2.770~3!

Sr-O(3)32 2.662~4! 2.648~4! 2.654~3!

Sr-O(3)32 3.281~6! 3.312~5! 3.296~4!

Ru-O(1)32 1.981~6! 1.970~5! 1.965~4!

Ru-O(3)34 1.978~2! 1.987~2! 1.982~1!

O~1!-Cu-O~2! 95.0–97.1~5! 90.3–97.1~4! 89.2–98.6~1!

Cu-O~1!-Ru 175.6~9! 172.8~5! 170.2~5!

Cu-O~2!-Cu 170.1~3! 172.6~3! 172.1~2!

Ru-O~3!-Ru 152.0~5! 149.9~3! 150.9~3!
01450
on going from~asp! to ~hpo! Gd1.5Ce0.5Sr2RuCu2O102d and
Gd1.7Ce0.3Sr2RuCu2O102d increases the rotations and tilts o
the RuO6 octahedra, respectively quantified by the R
O~3!-Ru and Cu-O~1!-Ru angles in Table II.

Figure 3 shows the temperature dependence
the normalized ac susceptibility curves~at Hdc50)
for the Gd22xCexRuSr2Cu2O102d samples.
Gd1.5Ce0.5Sr2RuCu2O102d ~asp! is not superconducting bu
superconductivity is observed for Gd1.5Ce0.5Sr2RuCu2O102d
~hpo! and Gd1.3Ce0.7Sr2RuCu2O102d with onsetTC’s of 28
and 30 K, respectively. Similar results were obtained from
magnetization studies, whereTC is defined as the local maxi
mum maximum in the ZFC data~Figs. 4 and 5!. It is possible
that the drop at 16 K for~asp! Gd1.5Ce0.5Sr2RuCu2O102d
arises from a small fraction of a superconducting phase
detected in the dc magnetization studies. The peaks in th

FIG. 3. Normalized ac susceptibility, measured atHdc50 of the
Gd22xCexRuSr2Cu2O102d samples.
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curves mark the irreversibility temperature,Tirr discussed
below.

Evidence of the Meissner effect is observed in the Z
magnetization measurements of Gd12xCexRuSr2Cu2O10 @x
50.5 ~hpo!, x50.7] @Figs. 4 and 5#. The FC branches appea
ferromagnetic, but antiferromagnetic behavior is observe
the ZFC measurements. The ZFC and FC curves merg
Tirr5104, 100, and 96 K forx50.7, x50.5 ~asp! and x
50.5 ~hpo!, respectively. HenceTirr decreases with oxyge
doping but increases with Ce doping, consistent with pre
ous results.3 The M /H curves do not lend themselves to a
easy determination ofTM(Ru), which was obtained for al
samples directly from the temperature dependence of
saturation moment (M sat), as below.

Variable field magnetization studies were performed
various temperatures for all samples. The variation of m
netization with field can be described asM (H)5M sat
1x0H, whereM sat corresponds to the weak ferromagne
contribution of the Ru sublattice, andx0H is the linear para-
magnetic contribution of Gd and Cu. The saturation mom
for Gd1.3Ce0.7Sr2RuCu2O102d at 5 K is M sat;1mB . M (H)
curves were measured at various temperatures and a re

FIG. 4. ZFC and FCM /H curves for Gd22xCexRuSr2Cu2O102d

~asp! and ~hpo! samples. The expanded inset shows the antife
magnetic ordering peak in the ZFC branch of the hpo sample.

FIG. 5. ZFC and FC susceptibility curves fo
Gd1.3Ce0.7RuSr2Cu2O10 measured atH53 Oe. TC is shown at the
deflection in the FC branch.
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tion in M sat is observed with decreasing temperature un
TM(Ru), whereM sat50; TM(Ru)5165, 151, and 142 K for
Gd1.3Ce0.7Sr2RuCu2O10, Gd1.5Ce0.5Sr2RuCu2O102d ~asp!
and Gd1.5Ce0.5Sr2RuCu2O102d ~hpo! respectively. HenceTM
also increases with Ce doping but decreases with oxy
doping consistent with previous results.26,34

At low applied fields, the M (H) curve exhibits a
typical ferromagneticlike hysteresis loop~Fig. 6! similar to
that previously reported.3 The remnant moment (M rem
50.41mB /Ru) and the coercive field (HC52160 Oe at 5 K!
are the same for all samples.

DISCUSSION

Knowledge of the cation and oxygen content of cupra
is important for making a chemical estimate of the hole co
centration via the formal Cu oxidation state. Diffractio
analysis has the advantage of giving an accurate compos
for well-crystallized materials even when secondary pha
are present, as here. The high peak to background ratio o
present synchrotron x-ray data permits refinement of the
cupancy of theO(4) site within the doubleR layers of these
2212 structures. The Rietveld refinements show that the
cupancy ofO(4) increases from 0.87 to 0.95 to 1.00 fo
Gd1.5Ce0.5Sr2RuCu2O102d ~asp!, Gd1.5Ce0.5Sr2RuCu2O102d
~hpo!, and Gd1.3Ce0.7Sr2RuCu2O10, respectively. Substitu-
tion of Ce41 for Gd31 at constant oxygen content would lea
to a reduction in the hole-doping of the copper or rutheni
layers. However, in the 2212 structure, the tw
(Gd12x/2Cex/2) layers sandwich the defectiveO(4) layer so
the increase in the cation layer charge withx can be charge
compensated by an increase of theO(4) content. Increasing
from x50.5 to 0.7 requires only an increase of 0.0
in the O(4) occupancy for charge compensatio
Comparison of Gd1.5Ce0.5Sr2RuCu2O102d ~asp! and
Gd1.3Ce0.7Sr2RuCu2O10, which were prepared under ident
cal conditions, shows an increase of 0.13~1! in the O(4)
occupancy, so that the increase in Ce41 concentration~x! is
actuallyovercompensatedby the increase in oxygen conten
This results in an increased hole doping, contrary to w

-

FIG. 6. Magnetic hysteresis loop for ~hpo!
Gd1.5Ce0.5RuSr2Cu2O10 with the coercive field shown.
3-4
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would have been expected from the Ce substitution alo
The hole doping is corroborated by comparing the form
charges derived from the overall chemical composit
to the superconducting properties. The formal posit
charge for (2Cu1Ru) is calculated as 8.98, 9.30
and 9.30 for the compositions Gd1.5Ce0.5Sr2RuCu2O9.74

~asp!, Gd1.5Ce0.5Sr2RuCu2O9.90 ~hpo!, and
Gd1.3Ce0.7Sr2RuCu2O10, respectively.

The ac susceptibility measurements show the~asp!
sample to be nonsuperconducting but the other two sam
have very similarTc’s of 28 and 30 K. This suggests a fo
mal charge distribution within error of 2Cu211Ru51 in the
~asp! sample, with no doping of the copper oxide plan
whereas the latter two samples are both 2Cu21p11Ru51

with p50.15. This corresponds to near-optimum doping
the copper oxide planes.

We have also attempted to estimate the charge distribu
between Cu and Ru using bond valence sums~BVS! which
are based on the refined Cu-O bond lengths. The cop
valence was calculated using with standard values ofr 0

51.679 and 1.73 Å for Cu21 and Cu31 respectively,35 yield-
ing values of 2.52, 2.54, and 2.52 fo
Gd1.5Ce0.5Sr2RuCu2O102d ~asp!, Gd1.5Ce0.5Sr2RuCu2O102d

~hpo!, and Gd1.3Ce0.7Sr2RuCu2O10. It is well documented
that BVS overestimates the hole doping in the rutheno
prate materials;10 for example, RuSr2GdCu2O8 has been
found to havep50.08 based on superconducting and norm
state transport properties, but BVS calculations estimate
Cu valence as 2.4. This results from the presence of an a
Cu-O bond that is anomalously short in comparison to
other superconducting cuprate structures. Furthermore,
three BVS estimates for the present 2212 materials are
significantly different, so they do not account for the diffe
ence between the nonsuperconducting~asp! and the super-
conducting~hpo! andx50.7 samples. This is also in keepin
with a previous study of doped Ru12xMxSr2GdCu2O8
samples (M5Nb,Sn),31 in which physical measuremen
showed an increase in hole doping of the CuO2 planes with
Sn substitution and a decrease with Nb substitution. Ho
ever, there was no corresponding trend of the Cu BVS w
doping.

Examining the individual geometric parameters in Ta
II, it is evident that the change from nonsuperconduct
~asp! to superconducting~hpo! andx50.7 samples correlate
with an increase in the Cu-O~2!-Cu angles~from 170° to
172°!. The flattening of the CuO2 planes is known to corre
late with increasing superconductivity in cuprates, and
clearly a more sensitive indicator than the Cu BVS here.

We conclude that BVS calculations of Cu valence a
insensitive to the carrier concentrations in ruthenocup
materials and the best chemical estimate is obtained f
determination of the composition. The substitution of Ce
Gd in the structure of Gd22xCexSr2RuCu2O102d is overcom-
pensated by an increase in the oxygen content lea
to an increase in the hole doping. Hence, in order
obtain the correct electronic phase diagram
Gd22xCexSr2RuCu2O102d it is imperative that the oxygen
stoichiometry is measured. X-ray absorption spectrosc
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could also be used to investigate the hole distribution
phase pure materials.

The qualitative magnetic behavior of the Ru-21
system26 is as follows. Starting from high to low tempera
tures, the magnetic behavior is divided into four regions.~i!
AboveTM(Ru) the system is paramagnetic.~ii ! At TM which
is deduced directly from the temperature dependence
M sat, the Ru sublattice becomes antiferromagnetically
dered. The up rise at elevated temperature of the ZFC bra
~Fig. 4 inset! indicates precisely this antiferromagnetic b
havior. ~iii ! At Tirr a weak ferromagnetism is induced, whic
originates from canting of the Ru moments.Tirr is defined as
the merging point of the low field ZFC and FC branches,
alternatively, as the peak in the ac curves. Canting of the
moments may arise from a Dzyaloshinsky-Moriya intera
tion between neighboring moments which is nonzero due
symmetry-breaking tilts and rotations of the RuO6 octahedra.
~iv! At lower temperatures superconductivity is induced a
TC depends strongly on Ce and on oxygen concentration
shown in Fig. 3. BelowTC , both superconductivity and
weak-ferromagnetic states coexist and the two states
practically decoupled.

We have shown that bothTirr and TM are affected by
oxygen and Ce doping in the Gd22xCexRuSr2Cu2O102d sys-
tem; bothTM andTirr increase with Ce doping but decrea
with oxygen doping. There is no drastic change in the crys
structure with either Ce or oxygen doping. Bo
Gd1.5Ce0.5RuSr2Cu2O102d ~hpo! and Gd1.3Ce0.7RuSr2Cu2O10
have the same charge states for Cu and Ru and the
environments around Ru are the same, suggesting a diffe
influence for the different magnetic transition temperatu
such as the Gd/Ce ratio. Recent XANES and hig
temperature susceptibility studies onR22xCexRuSr2Cu2O10
and RuSr2GdCu2O8 have indicated that the average Ru v
lence state is 4.6~Ref. 20! for RuSr2RCu2O8 and between
5.0 and 4.95~Refs. 24, 25! for R22xCexRuSr2Cu2O10 sug-
gesting the Ru valence is not significantly reduced below
in R22xCexRuSr2Cu2O10 materials, in keeping with the
present analysis. The main structural difference betw
Gd1.5Ce0.5RuSr2Cu2O102d ~hpo! and Gd1.3Ce0.7RuSr2Cu2O10
is thec lattice parameter;c increases from 28.590 to 28.59
Å as oxygen is incorporated into Gd1.5Ce0.5RuSr2Cu2O102d ,
whereasc decreases from 28.590 to 28.585 Å asx increases
to 0.7. As the concentration of Ce increases, there is a re
ant increase of oxygen into the structure but the decreas
c due to the addition of the smaller Ce cation ou
weighs the structural effects of oxygen insertion. A rece
report36 showed how the magnetic behavior
Gd22xCe0xRuSr2Cu2O102d is different from that of
RuSr2GdCu2O8; magnetic logarithmic relaxation, inverte
hysteresis loops and metastable magnetic states were
served. It was concluded that a long range dipole-dipole
teraction between RuO2 layers exists which is antiferromag
netic in zero field. Upon application of a small field~,100
Oe! the interlayer magnetic coupling becomes ferromagn
due to a spin flop interaction. It appears that small change
the interlayer axis affect this interaction so that the dipo
dipole interaction becomes weaker with increasingc and
both TM andTirr decrease.
3-5
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CONCLUSIONS

From this study, in conjunction with previous works o
ruthenocuprate materials, commonalities and differences
tween the three families ~1212, 2122, and
Pb2RuSr2Cu2O8Cl) are evident. All of these structures hav
commensurate CuO2 and RuO2 planes so that the mismatc
between the Cu-O and the~longer! Ru-O bonds always re
sults in rotations and tilts of the RuO6 octahedra. The result
ing strains within these structures may account for the p
correlation of physical properties with BVS’s, although the
are known to correlate well in other cuprates. The lo
symmetry-breaking distortions can lead to nonzero antis
metric exchange responsible for the weak ferromagnet
observed in addition to the underlying Ru-layer antifer
magnetism in all three types of ruthenocuprate. The ot
Ru-layer magnetic phenomena depend on the interlayer
plings which vary due to the different connectivities, d
tances, and intermediate diamagnetic or paramagnetic
In the present 2122 samples,TM andTirr decrease with oxy-
gen doping but increase with Ce doping due to the interp
of the latter factors.

The principal requirement for superconductivity in all c
prates is a doping of the CuO2 planes, usually with holes in
the rangep'0.05– 0.25. The mechanism for doping in th
1212 material RuSr2GdCu2O8 was previously established a
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being Cu/Ru band overlap, with estimated valences of
14.84 and Cu12.08. This is rather rare in cuprates, the on
well-established examples involve homometallic band ov
lap ~of Cu chains and planes! in RBa2Cu3O7 and related
materials. The Ru-1212 are arguably the only examples
cuprate superconductors doped by heterometallic band o
lap ~of Ru and Cu planes!. This study demonstrates that th
Ru-2122 superconductors are doped not by band overlap
by variations in the cation and oxygen content as is typi
for most cuprates~doped-La2CuO4; Bi, Tl, and Hg cuprates,
etc.!. Thus, an increase of theO(4) site occupancy
between the R bilayers is achieved by annealin
Gd1.5Ce0.5RuSr2Cu2O102d under high pressure oxygen or b
increasing the Ce content tox50.7. This results in the
same Cu doping of;0.15 holes/Cu in both ~hpo!
Gd1.5Ce0.5RuSr2Cu2O102d and Gd1.3Ce0.7RuSr2Cu2O10,
which is corroborated by theirTc’s of 28 and 30 K, respec-
tively, whereas Gd1.5Ce0.5RuSr2Cu2O102d ~asp! is undoped
and nonsuperconducting. All of these 2122 materials con
fully oxidized Ru51.
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