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Comprehensive measurements of dc and ac susceptibility, dc resistance, magnetoresistance, Hall resistivity,
and microwave absorption and dispersion in fields up to 8 T have been carried out on RuSr2GdCu2O8 with the
aim to establish the properties of RuO2 and CuO2 planes. At;130 K, where the magnetic order develops in
the RuO2 planes, one observes a change in the slope of dc resistance, change in the sign of magnetoresistance,
and the appearance of an extraordinary Hall effect. These features indicate that the RuO2 planes are conduct-
ing. A detailed analysis of the ac susceptibility and microwave data on both ceramic and powder samples show
that the penetration depth remains frequency dependent and larger than the London penetration depth even at
low temperatures. We conclude that the conductivity in the RuO2 planes remains normal even when supercon-
ducting order is developed in the CuO2 planes below;45 K. Thus, experimental evidence is provided in
support of theoretical models which base the coexistence of superconductivity and magnetic order on decou-
pled CuO2 and RuO2 planes.
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I. INTRODUCTION

The coexistence of superconductivity and magnetic or
has placed the ruthenium cuprates in the focus of consi
able work recently.1–12 These superconductors were orig
nally synthesized by Bauernfeindet al.13,14 Most recent re-
ports have focused on RuSr2RCu2O8 whereR5Gd or Eu. Its
crystal structure can be viewed as similar to that
YBa2Cu3O7, where the one-dimensional~1D! CuO chains
are replaced by two-dimensional~2D! RuO2 layers. Within
this picture, it comes as no surprise that superconducti
may occur when the CuO2 layers are properly doped, in ana
ogy to other cuprate superconductors. Recent x-ray abs
tion near edge structure15 ~XANES! and nuclear magnetic
resonance~NMR! studies of RuSr2RCu2O8 ~Refs. 11 and 12!
revealed that ruthenium occurs in a mixed valence stat
Ru41 and Ru51 with almost equal concentration. Thus, fro
the point of view of superconductivity, the role of RuO2

planes is to act as the charge reservoir which is necessa
dope the superconducting CuO2 planes.

One can interpret the crystal structure of RuSr2RCu2O8 as
CuO2 layers which are connected by perovskite ruthen
SrRuO3 via the apical oxygen atoms.16 From this perspec-
tive, it comes as no surprise that magnetic ordering m
occur in RuSr2RCu2O8, as in most ruthenates of th
Ruddlesden-Popper series Srn11RunO3n11.17 The most
three-dimensional member of the series is pseudoc
SrRuO3 (n5`), which ferromagnetically orders atTm
5165 K.18,19Then53 member Sr4Ru3O10 is orthorhombic
and becomes ferromagnetic belowTm5148 K.20 The effec-
0163-1829/2002/65~17!/174514~10!/$20.00 65 1745
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tive dimensionality is drastically lowered in then52 mem-
ber Sr3Ru2O7. It shows magnetic correlations dominated
ferromagnetic instability aboveT* 517 K, and develops a
canted antiferromagnetic instability belowT* .21,22 The two-
dimensional~2D! member Sr2RuO4 (n51) does not order
magnetically, and becomes superconducting at very
temperatures.23

The crystal structure of RuSr2RCu2O8 has an additional
complexity when compared to YBa2Cu3O7. The RuO6 octa-
hedra in RuSr2RCu2O8 are coherently rotated around thec
axis with domains extending up to 20 nm in diameter.3 Ro-
tations of the RuO6 octahedra are common in the ruthena
and it is believed that the different magnetic order is due
structurally induced changes in the band structure. The r
tion of the RuO6 octahedra was observed in Sr3Ru2O7,24

which shows competing, nearly degenerate magn
instabilities.21,25 The importance of the rotation of the RuO6

octahedra is best seen in Ca22xSrxRuO4,26 which is then
51 member of the Ruddlesden-Popper series with Ca s
stitution for Sr. Since Ca21 is smaller than Sr21, the substi-
tution brings about a structural distortion in which the RuO6
octahedra are rotated and flattened along the interla
direction.27 By varying the degree of the substitution, on
obtains an intriguing phase diagram from paramagn
metal to antiferromagnetic insulator. For some intermedi
degrees of the substitution, one obtains a metallic sys
which shows an incomplete magnetic ordering at tempe
tures belowTm , and metamagnetic behavior similar to th
observed in then52 member Sr3Ru2O7. Hence, it is not
surprising that the reported studies of the magnetic struc
©2002 The American Physical Society14-1
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in RuSr2RCu2O8 have shown some ambiguity. In some
the measurements of the zero field cooled~ZFC! dc suscep-
tibility a clear ferromagnetic transition was observed,11 while
in others a cusp-like signal characteristic of an antiferrom
netic transition was detected.2,4,9 In all cases, though, ther
was a deviation of field cooled~FC! curves from ZFC ones
which proved the presence of a ferromagnetic compon
Microscopic techniques could not resolve this ambiguity,
ther. For example, a zero-field muon spin rotation study
ported ferromagnetic order with the spontaneous magne
tion in theab plane.2 In contrast, neutron diffraction studie
found evidence of antiferromagnetic order with the Ru m
ments aligned along thec axis.7,28,29The small ferromagnetic
component was presumed to be produced by spin can
from the c axis. A recent magnetization study showed th
the ferromagnetic component grows at higher fields.9 This
provides evidence of a field induced transition which w
attributed to a spin-flop transition. Similar field induce
changes are observed in Sr3Ru2O7 and some partially substi
tuted Ca22xSrxRuO4 samples with distorted RuO6 octahedra.
One should note, however, that the type of the magn
order need not be simply related to the distortions of
RuO6 octahedra. For example, it was found that the ot
interesting ruthenate cuprate RuSr2R22xCexCu2O101d has
the same distortion of the RuO6 octahedra, as well as th
same Ru-O-Ru and Ru-O-Cu bond lengths, found
RuSr2RCu2O8.30 Yet, RuSr2R22xCexCu2O101d is ferromag-
netic while RuSr2RCu2O8 is antiferromagnetically ordered a
low fields.

A number of studies on RuSr2RCu2O8 have concluded
that the RuO2 layers are insulating and the transport prop
ties are dominated by the CuO2 layers. As mentioned above
it has also been concluded from a XANES study and NM
studies that Ru in the RuO2 layers shows a mixed Ru va
lence, which has not been reported in other ruthenate c
pounds. This could also be understood within the mode
insulating RuO2 layers. However, the magnetoresistan
above the magnetic ordering temperature has a depend
on magnetic field that is not observed in the high tempera
superconducting cuprates,31 ~HTSC! and clearly indicates
that the transport process involves coupling to the Ru sp
either from a conducting RuO2 layer or via coupling between
the CuO2 layers and the spins in the RuO2 layers.

In the present paper, we address the question of the c
istence of superconductivity and magnetic order
RuSr2GdCu2O8. The question is reduced to the role play
by CuO2 and RuO2 planes and their mutual couplings. W
report our measurements of dc and ac susceptibility, dc
sistance, magnetoresistance, Hall effect, and microwave
sorption in RuSr2GdCu2O8. The measurements have be
done on the same sample prepared as sintered ceramic
powder diluted in epoxy resin. This facilitates the distincti
between intergranular and intrinsic intragranular propert
We find evidence that RuSr2GdCu2O8, as prepared in this
study, has magnetic structure similar to Sr3Ru2O7, and par-
tially substituted Ca22xSrxRuO4, which have no CuO2
planes. Our results also show that the RuO2 planes are con-
ducting, but do not become superconducting. In other wo
17451
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our observations are consistent with the picture in which
charge carriers in the CuO2 and RuO2 planes are decoupled

II. EXPERIMENTAL DETAILS

The RuSr2GdCu2O8 ceramic samples were prepared fro
a stoichiometric mix of RuO2, SrCO3, Gd2O3, and CuO2.
The powder was calcined in air at 960 °C for 10 h and th
pressed into pellets, which were sintered at 1010 °C for 1
to obtain the Sr2GdCuO6 and CuO2 precursors. This proces
has been shown to prevent the formation of the SrRuO3 im-
purity phase. The compound was then sintered at 1050 °
O2 gas for 10 h, 1055 °C in O2 gas for 10 h, 1060 °C in O2
gas for 10 h, and finally 1060 °C in O2 gas for 7 days. The
sample was reground after each sintering step. The final
cessing has been shown to result in good quality sam
where the transition into the bulk diamagnetic phase occ
for temperatures of up to 35 K.

It has been shown in our recent study on RuSr2EuCu2O8
~Ref. 10! that the electronic transport at low temperatures
the normal and superconducting states can be dominate
intergranular processes. This has the effect of masking
intrinsic intragranular properties. For this reason, part of
sample was ground into a fine powder and then embedde
an epoxy resin. Unfortunately, it has been found that it is
possible to align the ruthenate cuprates and hence we did
attempt to cure the resin in a magnetic field.

Resistivity, magnetoresistance, and Hall effect measu
ments were done in the standard six-contact configura
using the rotational sample holder and the conventiona
technique~22 Hz, 1 mA!, in magnetic fields up to 8 T. Tem
perature sweeps for the resistivity measurements were
formed with carbon-glass and platinum thermometers, wh
magnetic field dependent sweeps were done at constant
peratures where the temperature was controlled with a
pacitance thermometer.

The samples were characterized by both dc and ac m
netization measurements using a superconducting quan
interference device~SQUID! magnetometer. The temperatu
dependent dc magnetization measurements were made
applied magnetic field of 5 mT, while the ac susceptibil
was measured in a zero dc field with an ac field of 5mT and
a frequency of 1 kHz.

The microwave measurements were made in an ellipt
eTE111 copper cavity operating at 9.3 GHz. For the purpo
of the present study it is essential to have a system with h
stability so that very small changes of theQ factor can be
reproducibly measured over long time scales. Therefore,
body of the microwave cavity was kept at liquid helium tem
perature. The unloaded cavity had aQ factor of about 25 000.
The sample was mounted on a sapphire sample holder
positioned in the cavity center where the microwave elec
field has maximum. The temperature of the sample could
varied from liquid helium to room temperature. The cryos
with the microwave cavity was placed in a superconduct
magnet so that the sample could be exposed to a dc mag
field of up to 8 T. The changes in the properties of the sam
caused by either temperature variation or magnetic field w
detected by a corresponding change in theQ factor of the
4-2
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DECOUPLED CuO2 AND RuO2 LAYERS IN . . . PHYSICAL REVIEW B 65 174514
cavity and a resonant frequency shift. The quantity 1/Q
represents the total losses of the cavity and the sample.
experimental uncertainty in the determination of 1/2Q was
about 0.03 ppm. We present our data as the differe
D(1/2Q) between the measured values with and without
sample in the cavity. In the case of the powder samples,
subtracted background signal was measured with a piec
clear epoxy of the same size as the sample with the pow
The resonant frequency of the cavity loaded with the sam
was measured with a microwave frequency counter and
results are expressed asD f / f , wheref is the frequency at the
beginning of the measurement andD f is the frequency shift.
The details of the detection scheme are given elsewhere32

In the present case, the microwave penetration de
is much less than the sample thickness and the meas
quantities are simply related to the surface impedance of
material

Zs5Ai
m̃ rm0v

s̃
, ~1!

wheres̃ is the complex conductivity, andm̃ r is the complex
relative permeability at the operating frequency. Both qu
tities can be temperature and field dependent. The samp
placed in the center of the cavity where the magnetic co
ponent of the microwave field has a node in the empty cav
However, the wavelength in the conducting sample is m
shorter than in vacuum so that a magnetic microwave fiel
also present within the skin depth from the sample surfa
The total microwave impedance comprises both nonreso
resistance and resonant spin contributions.

III. RESULTS AND ANALYSES

A. Magnetization and ac susceptibility

The dc magnetization curves observed in o
RuSr2GdCu2O8 samples are typical of those previous
reported.2,4,9 Here we present in Fig. 1 the ZFC and FC
magnetization at 5 mT in ceramic and powder samples ta
from the same pellet. These curves show that the magn
behavior observed in the ceramic sample is well reprodu
in the powder sample, i.e., the influence of the intergranu
medium on the dc magnetic properties is negligible. Th
are three main features in ZFC curves:~i! a peak in the dc
magnetization at;130 K, ~ii ! a decrease in the dc magn
tization for temperatures less than;47 K, and~iii ! an up-
turn of the magnetization below;20 K. The first feature is
due to the magnetic ordering in the RuO2 layers. The FC
curves deviate strongly from the ZFC ones, indicating tha
ferromagnetic component is present in our samples, both
ramic and powder. The second feature near 47 K has b
attributed to the superconducting transition, and the third f
ture below 20 K is due to the onset of the magnetic order
of the Gd sublattice, which orders antiferromagnetically
2.5 K.2,7

The ac susceptibilities of the same ceramic and pow
samples are shown in Fig. 2. The magnetic ordering
;130 K is clearly seen in both the ceramic and powd
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samples. However, the superconducting transition, which
clearly seen in these samples below 47 K by dc magnet
tion in Fig. 1, is not manifested in the same way in t
ceramic and powder samples when ac susceptibilities
measured. This is an unusual observation. The ac susc
bility curves in other HTSC exhibit nearly the same shap
and transition temperature widths for ceramic and pow
samples of the same compound.33,34 In contrast, in Fig. 2 we

FIG. 1. Plots of the ZFC~solid curves! and FC~dashed curves!
dc M /H of polycrystalline~a! ceramic and~b! powder samples of
RuSr2GdCu2O8 in an applied field of 5 mT. The data have not be
corrected for demagnetizing effects.

FIG. 2. Plots of ac susceptibilities of the same samples, a
Fig. 1. The ac field amplitude was 5mT, and frequency 1 kHz. The
dashed line in~b! shows the ac susceptibility of a powder sample
RuSr2EuCu2O8. The data have not been corrected for demagne
ing effects.
4-3
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M. POŽEK et al. PHYSICAL REVIEW B 65 174514
observe that a large diamagnetic shielding, which starts
low 33 K in the ceramic sample, is not present in the powd
Hence, the large shielding signal in the ceramic sample co
be interpreted as due to the onset of the intergranular Jos
son currents. Superconductivity is certainly developed in
grains already below 47 K, but the intragranular ac screen
currents appear to be very weak. They are so weak that e
the high temperature tail of the Gd paramagnetic signa
sufficient to obscure their manifestation. In Fig. 2~b! we
present also the ac susceptibility of the powder sample
RuSr2RCu2O8 with R5Eu, which is not paramagnetic. Th
intragranular superconducting signal is detectable in
compound. However, instead of showing a rapid drop j
below the superconducting transition temperatureTc , this
signal exhibits a gradual decrease in the whole tempera
range of the measurement. Obviously, the penetration d
in RuSr2RCu2O8 does not drop rapidly from the normal sta
skin depthdn5A2/m0vsn to the London penetration dept
lL as in other HTSC. For the operating frequency of 1 kH
dn is typically much larger than the grain size (dn;1 cm).
Below Tc , the ac conductivity becomes complexs̃5s1
2 is2, where the real and imaginary parts are due to
uncondensed normal electrons and the superconducting fl
respectively. In the cuprate HTSC one reaches the cond
s1!s2 already a little belowTc . The penetration depth i
then determined mainly by the superconducting fluid, a
equalslL independently of the operating frequency. Sin
lL is typically smaller than the grain size, the intragranu
screening currents become effective. Therefore, the diam
netic signal in the ac susceptibility is strong and follows t
temperature dependence oflL(T). In the case of powde
RuSr2EuCu2O8 we observe only a weak ac susceptibility si
nal. BelowTc the penetration depth is reduced from its no
mal state valuedn , but obviously not enough to becom
smaller than the grain size. We have to conclude that a la
fraction of the charge carriers remains in the normal stat
all temperatures below;45 K. The penetration depth at
kHz is then a combined effect of both superconducting a
normal electrons, and remains larger than the grain size.
magnetization results do not allow us to determine the lo
tion of the normal state charge carriers at low temperatu
below Tc . They are likely to be located either in the RuO2
planes or in the CuO2 planes. However, as we show later
this paper, it is possible to gather further information ab
these low temperature normal state charge carriers and
location from microwave measurements.

B. dc resistance, magnetoresistance, and Hall effect

The resistivity of RuSr2GdCu2O8 has already been elabo
rated in some previous studies.2,4 Here we focus on some
features that have not been considered before and could
cidate the roles of CuO2 and RuO2 planes in the transpor
properties. Figure 3 shows the resistivity curves in zero fi
and 8 T field. For the latter a transverse geometry was u
(H'I ). In general, the resistivity in ceramic samples m
have contributions from intergranular medium and fro
intrinsic scattering process in the grains. We show bel
using microwave measurements on a powder sample
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RuSr2GdCu2O8, that the resistivity in the grains does n
exhibit a semiconducting contribution. Thus, the upturn
the resistivity below 100 K in Fig. 3 can be attributed to t
prevalence of the intergranular contribution. Above 100
the predominant contribution to the total resistivity com
from the intragranular scattering. The relevant question
whether the whole charge transport occurs only in the Cu2
planes, or there is an additional contribution of the Ru2
planes to the total conductivity. The ZFC curve in Fig.
shows a more rapid decrease of the resistivity near the m
netic ordering temperatureTm . This phenomenon is bette
displayed in the upper inset to Fig. 3 where the derivative
the resistivity with respect to temperaturedr/dT is seen to
have a maximum atTm . A peak in dr/dT at Tm is com-
monly observed in 3d ferromagnetic conductors.35 It was
explained by Fisher and Langer36 who considered the effec
of short range fluctuations in the magnetization in ferrom
netic metals. A peak indr/dT was also observed in SrRuO3,
which is a 4d ferromagnet,37 but the temperature dependen
of dr/dT nearTm was different than that predicted by Fish
and Langer and observed in 3d ferromagnetic metals. This
deviation was ascribed to the bad metallicity of SrRuO3. We
may conclude that the observation of a peak indr/dT in our
ceramic RuSr2GdCu2O8 is a clear sign that RuO2 planes are
conducting. At this point one can only list the factors whi
may influence the form of this peak. First, the magnetic or
in RuSr2GdCu2O8 is predominantly antiferromagnetic at low
fields with only a small ferromagnetic component. Seco
the magnetic scattering affects the charge carriers in
RuO2 planes but need not have much influence on the c
ductivity in the CuO2 planes. Finally, the total resistivity in
Fig. 2 includes also the intergranular semiconducting con
bution. It is not predominant atTm , but should not be totally
neglected. For all these reasons, the form of the peak in
inset to Fig. 3 could deviate from that predicted by Fish
and Langer.

FIG. 3. Plots of dc resistivities of ceramic RuSr2GdCu2O8 in
zero magnetic field~solid curve! and in 8 T~dashed curve! field for
transverse geometry (H'I ). The upper left inset shows the deriva
tives of the resistivity with respect to temperature, and the low
right inset shows the difference of the resistivities in zero magn
field and in 8 T.
4-4
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The effect of an applied magnetic field of 8 T is to d
crease the transverse resistivity for temperatures less
;200 K, which is opposite to the effect observed in t
HTSC.38 The general decrease in the resistivity at 8 T and
temperatures less than 200 K can be attributed to a decr
in the spin scattering contribution to the resistivity within t
RuO2 layers due to ordering of the spins in the RuO2 layers.
The decrease in the resistivity at 8 T is clearer in the low
insert to Fig. 3 where we plot the difference in the transve
resistivity against temperature. The resulting peak reflects
effect of spin fluctuations which can be suppressed by
applied magnetic field. Similar behavior is observed in
ferromagnetic metals SrRuO3 and Sr4Ru3O10 as the mag-
netic field is increased. This provides additional eviden
that the RuO2 layers are conducting.

While the temperature dependence of the resistivity a
and 8 T has features that are also observed in the ferrom
netic metals SrRuO3 and Sr4Ru3O10, we find that the trans-
verse (H'I ) and longitudinal (Hi I ) magnetoresistance i
RuSr2GdCu2O8 deviates from the behavior observed
SrRuO3 and Sr4Ru3O10. This is apparent in Fig. 4 where w
plot the transverse and longitudinal magnetoresistance a
@Fig. 4~a!# and below@Fig. 4~b!# the magnetic ordering tem
perature. Far above the magnetic ordering temperature, in
region whereM is proportional toH ~above 200 K!, we find
that DrT /r0}Ma, whereDrT /r0 is the transverse magne
toresistance anda52. This observation is consistent wit
the results previously reported by McCroneet al.31 A similar
magnetization dependence is observed in SrRuO3 and
Sr4Ru3O10. However, below 200 K we find thata conti-
nously decreases to a value ofa51 as the magnetic orderin
temperature is approached. Furthermore, just below the m
netic ordering temperature, a positive transverse magne
sistance is observed for low applied magnetic fields. A l

FIG. 4. Transverse magnetoresistance (H'I ) @r(H)2r(0)#/
r(0) in ceramic RuSr2GdCu2O8 at various temperatures~a! above
and~b! below the magnetic ordering temperature. Also shown is
longitudinal magnetoresistance (Hi I ) ~dashed curves!.
17451
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field positive transverse magnetoresistance is observe
SrRuO3 but at a lower temperature and far below the fer
magnetic ordering temperature.39 In the case of SrRuO3, lon-
gitudinal magnetoresistance (Hi I ) measurements do not re
veal a positive magnetoresistance. Therefore, the pos
transverse magnetoresistance observed in SrRuO3 was inter-
preted as being due to orbital magnetoresistance. The ap
ance of a low field positive magnetoresistance in both tra
verse and longitudinal cases in Fig. 4~b! calls for a different
interpretation. It has been recently observed in Sr3Ru2O7
~Ref. 22! that belowT* 517 K, where dc resistivity change
its slope and dc susceptibility exhibits a maximum, bo
transverse and longitudinal magnetoresistance curves
velop a positive low field contribution. The explanation w
given in terms of magnetic instability present in this sam
due to its distorted crystal structure. Similar features w
found also in Ca22xSrxRuO4.26,27 It is possible that the posi
tive transverse and longitudinal magnetoresistance obse
in Fig. 4 are connected with the observation of antiferrom
netic and ferromagnetic order in RuSr2GdCu2O8. The simul-
taneous antiferromagnetic and ferromagnetic order
RuSr2GdCu2O8 may be driven by band structure effects b
cause the ferromagnetic component is different for differ
rare earths. The low field ferromagnetic component is hi
est in RuSr2YCu2O8 (;30% of the AF component!.

Besides having been useful in studying the nature of
magnetism in RuSr2GdCu2O8, the observed magnetoresi
tance implicitly proves that RuO2 planes are conducting, i.e
it supports further the conclusion reached from the analy
of the slope change in dc resistivity shown in Fig. 3. Furth
evidence that the RuO2 planes are conducting can be o
tained from the analysis of the Hall effect in RuSr2GdCu2O8.

Hall resistance,rxy , was measured as a function of th
applied magnetic fieldH at temperatures above and belo
Tm . Figure 5 shows the data at 124.5 K. For applied m
netic fields below 1 T a nonlinear increase of the Hall res
tancerxy with increasingH is observed. For high magneti

e

FIG. 5. Hall resistivity,rxy , in ceramic RuSr2GdCu2O8 at 124.5
K ~circles!. Also shown is the ordinary Hall resistivity~dashed
curve!, the extraordinary Hall resitivity~dotted curve! and the total
Hall resistivity as described by Eq.~2! in the text.
4-5
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fields a linear field dependence ofrxy dominates. The non
linear increase inrxy with increasingH is due to an addi-
tional term arising from the extraordinary Hall effect. Th
term is present in magnetic metals and it is due to sk
scattering where the probability of scattering fromk to k8 is
different from the probability of scattering fromk8 to k. The
Hall effect in magnetic metals is commonly given by

rxy5R0m0H1Rsm0M , ~2!

whereR0 is the ordinary Hall coefficient,Rs is the extraor-
dinary Hall coefficient,m0 is the vacuum permeability andM
is the magnetization of the sample. We show in Fig. 5~solid
curve! that Eq.~2! does provide a reasonable representat
of the data whereM from the RuO2 layers was obtained from
SQUID measurements. Previous measurements of the
coefficient31 were made at 8 T only, where it was found th
the Hall coefficient displayed a peak near 160 K and
creased for temperatures less than 160 K. However, the
coefficient measured in this way will be significantly affect
by the anomalous Hall effect. The development of t
anomalous Hall effect can be seen in Fig. 6, where we
the averagedrxy /d(m0H) for low and high fields. It can be
seen that the high fielddrxy /d(m0H) is temperature inde
pendent and forT,Tm the values are lower than those foun
from the average low fielddrxy /d(m0H). We note that the
ordinary Hall effect contains contributions from both th
CuO2 and RuO2 planes. We find that the high fiel
drxy /d(m0H) is slightly greater than that observed
YBa2Cu3O72d with a similar Tc (RH;0.831028 m3C21)
~Ref. 40! while it is significantly greater than that observe
in SrRuO3 (RH;0.0631028 m3C21).41 This might suggest
that the ordinary Hall effect in RuSr2GdCu2O8 is dominated
by the CuO2 layers. However, the occurrence of the extra
dinary Hall effect in RuSr2GdCu2O8 indicates that the RuO2
planes are conducting.

FIG. 6. Plot of the averagedrxy /d(m0H) against temperature in
the low field region~filled circles! and in the high field region~open
triangles! from ceramic RuSr2GdCu2O8.
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C. Microwave measurements

In Fig. 7 we plot the temperature dependences
D(1/2Q) for the ceramic and powder samples in zero an
T applied magnetic field. We first consider the microwa
impedance in the normal state. It is apparent in Fig. 7~a! that
the zero fieldD(1/2Q) of the ceramic sample shows a pe
at the magnetic ordering transition temperature. Note t
such a peak is not observed in the dc resistivity data of
same ceramic sample presented earlier, where a peak is
served only in thederivative dr/dT. When shown on an
expanded scale in the insert to Fig. 7~a!, this peak is seen to
be superimposed on a decreasing resistive signal with s
curvature due to the intergranular semiconducting medium
similar peak was observed also in ceramic RuSr2EuCu2O8
but the temperature dependence below the magnetic orde
temperature was obscured by the microwave resistance
intergranular transport. The peak disappears at high magn
fields as can be seen in Fig. 7~a!, where we plotD(1/2Q) at
8 T. We observe in Fig. 7~b! that the semiconductorlike up
turn in D(1/2Q) of the ceramic sample is not present in t
powder sample, thus providing clear evidence that it ari
from intergranular conduction. However, the peak
D(1/2Q) is still seen in the powder sample. This peak
therefore an intrinsic property of the intragranular regions
is possible that the peak arises from a change inm̃ r at the
magnetic ordering temperature, although it can be seen in
insert to Fig. 7~b! that this would require a large change
m̃ r over a small temperature range. It may also be that mo
of Fisher and Langer for dc resistivity does not apply
microwave frequencies. We note that a peak in the dc re

FIG. 7. Plot of D(1/2Q) in a ~a! ceramic sample and a~b!
powder sample of RuSr2GdCu2O8 for applied magnetic fields of 0
~Earth field5 solid curves! and 8 T~dashed curves!. The inserts to
~a! and ~b! show an expanded view ofD(1/2Q) at the two applied
fields. The open triangles in~b! show the zero fieldD(1/2Q) when
the paramagnetic contribution of Gd31 ions is subtracted.
4-6
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tance was predicted earlier by De Gennes and Friedel
based their calculation on the long range spin fluctuation42

The suppression of the peak inD(1/2Q) by an applied
magnetic field is evident in Fig. 8~a!, where we plot
D(1/2Q)(m0H)2D(1/2Q)(8 T). It is apparent that the
peak rapidly disappears with increasing magnetic field
vanishes completely at magnetic fields greater than 1 T.
like the dc case, we find that the microwave magnetore
tance is negative for all temperatures in the normal state.
magnetic field dependence ofD(1/2Q) can be seen in Fig
8~b!. For magnetic fields greater than;2 T, there is a linear
decrease inD(1/2Q) with increasing magnetic field. At 70 K
and below, the Gd31 ESR absorption is evident in the low
field region and centered near 0.3 T. The intensity of t
resonance increases with decreasing temperature owin
the increasing spin population difference in the lowest Gd31

spin levels.
We show in Fig. 9 that there is an additional spin res

nance below the magnetic ordering temperature. Here
plot D(1/2Q) andD f / f at 130 K and for magnetic fields o
up to 1 T. For magnetic fields greater than;0.3 T, D(1/2Q)
and D f / f have equal but opposite slopes as expected fo
thick sample where microwave resistance is the only sou
of the microwave response. However, at low fields one
serves a peak inD(1/2Q) centered at;25 mT, andD f / f
displays a magnetic field dependence indicative of resona
phenomena. This feature could be due to the Ru ferrom
netic resonance observed by Fainsteinet al.8 in
RuSr2GdCu2O8. We estimate by the dashed curve in F
9~a! that this resonance contributes;0.7 ppm toD(1/2Q)
at zero applied field. However, it is apparent in Fig. 8 th
this resonance contribution toD(1/2Q) is insufficient to ex-

FIG. 8. ~a! Temperature dependence ofD(1/2Q) in the ceramic
sample of RuSr2GdCu2O8 at applied fields of 0, 0.1, 0.3, and 1
after subtracting the signal taken at 8 T.~b! Magnetic field depen-
dence ofD(1/2Q) in the same sample at temperatures of 70, 1
129, and 180 K.
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plain the full height of the peak atTm . We note that
D(1/2Q) andD f / f in the powder sample are similar to thos
in Figs. 8 and 9 but the signal to noise ratio is much wor

We now consider the microwave response in the sup
conducting state. Returning to Fig. 7, it can be seen that
zero field microwave resistance decreases near 50 K, sim
to the dc case. The effect of an applied magnetic field
D(1/2Q) of the ceramic sample is similar to that observed
the HTSC.43,44 However, the data for the powder sample
anomalous because at low temperatures the zero field va
become larger than those taken at 8 T. We show later
this behavior is due to an enhancement ofD(1/2Q) at low
fields and low temperatures which is induced by the Gd31

resonance.
The magnetic field dependence of the microwave abso

tion in the superconducting state can be seen in Fig. 10~a!,
where we plotD(1/2Q) for temperatures of 5, 15, 25, 35
and 45 K. The initial rapid increase inD(1/2Q) is due to the
Josephson coupled weak links that are being driven nor
by the relatively small applied magnetic field. The slow
increase inD(1/2Q) at higher magnetic fields arises from th
absorption due to the increasing density of vortices in
grains.45–47 The effect of these processes on the freque
shift is seen in Fig. 10~b!, where D f / f is plotted at 5 K.
Above 35 K the Josephson coupling between grains beco
weaker. Thus, at 45 K no characteristic Josephson sign
seen in Fig. 10~a!. At temperatures just belowTc , only the
individual grains become superconducting. The intergranu
coupling is established at a lower temperature.

Superimposed on the changes inD(1/2Q) andD f / f is the
effect of the Gd31 resonance for low applied magnetic field
It is partly obscured in Fig. 10 by the initial rapid changes
D(1/2Q) andD f / f induced by the weak link structure of th
ceramic sample. The effect of the Gd31 resonance is much
clearer in Fig. 11 where we plotD(1/2Q) and D f / f of the
powder sample. For applied magnetic fields above;2.5 T,

,

FIG. 9. Plot ofD(1/2Q) ~a! andD f / f ~b! for magnetic fields of
up to 1 T in the ceramic sample of RuSr2GdCu2O8 at 130 K. The
dashed curve shows the estimated absorption after subtractio
the contribution from the low field ferromagnetic resonance.
4-7
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D(1/2Q) andD f / f are dominated by the dissipative motio
of the vortices in the mixed state,45–47 while for magnetic
fields less than;2.5 T the microwave response from Gd31

contributes significantly toD(1/2Q) andD f / f . It is possible
to account for the resonant contribution of Gd31 to D(1/2Q)
by extrapolating the high fieldD(1/2Q) to the low field re-
gion as indicated by the dashed line in Fig. 11. By apply
this correction, we show in Fig. 7~b! ~open triangles! that the
microwave resistance at zero applied magnetic field is c
sistently smaller than that at 8 T. The absorption due to
effective microwave resistivity always increases with the
plied magnetic field. There is, however, another unusual
ture of the zero field microwave resistance in Fig. 7~b!. Un-
like the cuprate HTSC, whereD(1/2Q) drops rapidly below
Tc by more than two orders of magnitude, the zero fie
signal in Fig. 7~b! is significant even for temperatures mu
less thanTc .

The anomalously large microwave resistance canno
accounted for by the occurrence of the spontaneous vo
phase. In this model, the ferromagnetic component of
spontaneous magnetization of the magnetically orde
RuO2 layers generates vortices.48 The microwave currents
would then induce oscillations of these vortices, leading t
microwave loss.45–47 The density of vortices, and hence th
local field that is required for the increasedD(1/2Q) to be
accounted for by the spontaneous vortex phase model, ca
estimated from the observed rise of the signal level when
applied magnetic field is changed from zero to 8 T. We fi
that a spontaneous magnetic field of 7 to 9 T is required. T
is significantly larger than the local field estimated from
muon spin rotation study (;0.1 T) or a Gd31 ESR study.8

The large microwave resistance at zero applied magn
field is certainly due to a large fraction of the normal carrie

FIG. 10. ~a! Field dependence ofD(1/2Q) in the ceramic
sample of RuSr2GdCu2O8 at temperatures of 5, 15, 25, 35
and 45 K. The curves are taken after zero field cooling.~b! Plot of
D f / f at 5 K.
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still being present at temperatures well belowTc . Since the
spontaneous vortex model is seen to be insufficient to p
vide the necessary amount of normal carriers, we prop
that the normal carriers are to be found in the RuO2 layers.

At this point it is worthwhile to discuss whether the pr
posed interpretations of the ac susceptibility and microw
data are consistent. The operating frequencies for the
cases differ by seven orders of magnitude. The normal s
skin depth is inversely proportional to the square root of
frequency. At our microwave frequency of 9.3 GHz, the sk
depth in the normal state of RuSr2GdCu2O8 is ;5 mm,
which is close to the grain size. As soon as a fraction
charge carriers is condensed into the superconducting s
the penetration depth at the microwave frequency is redu
below the grain size. This effect causes a significant drop
the signal level as shown in Fig. 7~b!. This does not occur
with the ac susceptibility signal in the same powder sam
shown in Fig. 2~b!. Due to the remaining fraction of the
normal carriers, the penetration depth does not become
quency independent. The extremely weak superconduc
signal inferred from Fig. 2~b! implies that the penetration
depth at 1 kHz is reduced fromdn;1 cm to a value still
larger than the grain size. The comparison of the data
those two largely different frequencies provides the fin
proof that a large fraction of the charge carriers
RuSr2GdCu2O8 is not condensed in the superconducti
state even at very low temperatures.

The proposed scenario would imply that there is no
duced superconductivity in the RuO2 layers. This can be

FIG. 11. ~a! Field dependences ofD(1/2Q) in the powder
sample of RuSr2GdCu2O8 at temperatures of 5, 15, 25, 35, and 4
K. The data were taken after zero-field cooling. The dashed line
the 5 K curve shows the extrapolation from higher fields to the z
field absorption value, which would remain after the subtra
tion of the Gd31 paramagnetic resonant absorption.~b! Plot of D f / f
for 5 K.
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contrasted with fully loaded YBa2Cu3O7, where the distance
between the CuO2 layer and the CuO chain is similar to th
distance between the CuO2 layer and RuO2 layer in
RuSr2GdCu2O8, but there is induced superconductivity o
the CuO chains in YBa2Cu3O7. The idea of decoupled CuO2
and RuO2 planes has been mentioned in the early work
Felner et al. on a related ruthenate-cuprate compou
RuSr2Gd1.4Ce0.6Cu2O102d .1 The conditions of decoupling
have been treated theoretically.5,49The Rut2g orbitals, where
magnetism arises, are coupled to Cut2g orbitals, but the
latter are almost fully occupied. On the other hand, Rut2g
orbitals do not couple directly to the Cueg orbitals, but only
a more indirect coupling path via the apical oxygen may
possible. As a result, quite a small exchange splitting is
duced in the antibondingdx22y22px (dps) orbitals in the
CuO2 planes. It was concluded that magnetism and su
conductivity could coexist if thedps orbitals formed the
basis for superconductivity. The present paper provides
perimental support for theoretical models based on dec
pled subsystems in RuO2 and CuO2 planes.

IV. CONCLUSION

In conclusion, we find experimental evidence that, co
trary to the conclusion from a number of previous studi
the RuO2 layers in RuSr2GdCu2O8 are conducting and con
tribute to the electronic transport above the superconduc
transition. This is proven by the appearance of the pea
A
h

.

d,

J.

n,

. B

a,
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the temperature derivative of the dc resistivitydr/dT at the
magnetic ordering temperatureTm , negative magnetoresis
tance, and extraordinary Hall resistivity. Hence, the insu
ing local moment model cannot be applied to the RuO2 lay-
ers in this compound. Rather, by combining the results
this study with NMR and XANES data which provide stron
evidence of a mixed Ru valence,11,12 the RuO2 planes can be
described as conducting with a spatially varying charge d
sity.

The behavior below the superconducting transition is
vealed from a detailed analysis of the dc magnetization
susceptibility, and microwave impedance data in the cera
and powder samples. We prove that a large fraction of
charge carriers in RuSr2GdCu2O8 is not condensed in the
superconducting state even at temperatures far belowTc .
The spontaneous vortex phase is found to be insufficien
account for the scale of the observed effect so that the
mal conductivity is proposed to reside in the RuO2 planes at
all temperatures. The present paper provides experime
support for theoretical models which explain the coexiste
of superconductivity and magnetism through effectively d
coupled subsystems in CuO2 and RuO2 planes.
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10M. Požek, A. Dulčić, D. Paar, G. V. M. Williams, and S. Kra¨mer,

Phys. Rev. B64, 064508~2001!.
11K. Kumagai, S. Takada, and Y. Furukawa, Phys. Rev. B63,

180509~2001!.
12Y. Tokunaga, H. Kotegawa, K. Ishida, Y. Kitaoka, H. Takagiw

and J. Akimitsu, Phys. Rev. Lett.86, 5767~2001!.
13L. Bauernfeind, W. Widder, and H. F. Braun, Physica C254, 151

~1995!.
.
,

L.

14L. Bauernfeind, W. Widder, and H. F. Braun, J. Low Temp. Ph
105, 1605~1996!.

15R. S. Liu, L.-Y. Jang, H.-H. Hung, and J. L. Tallon, Phys. Rev.
63, 212507~2001!.

16X. H. Chen, Z. Sun, K. Q. Wang, S. Y. Li, Y. M. Xiong, M. Yu
and L. Z. Cao, Phys. Rev. B63, 064506~2001!.

17S. N. Ruddlesden and P. Popper, Acta Crystallogr.11, 54 ~1958!.
18J. J. Randall and R. Ward, J. Am. Chem. Soc.81, 2629~1959!.
19A. Kanbayashi, J. Phys. Soc. Jpn.41, 1876 ~1976!; 44, 108

~1978!.
20G. Cao, S. K. McCall, and J. E. Crow, Phys. Rev. B56, R5740

~1997!.
21S.-I. Ikeda, Y. Maeno, S. Nakatsuji, M. Kosaka, and Y. Uwatok

Phys. Rev. B62, R6089~2000!.
22Y. Liu, R. Jin, Z. Q. Mao, K. D. Nelson, M. K. Haas, and R.

Cava, Phys. Rev. B63, 174435~2001!.
23Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita, J.

Bednorz, and F. Lichtenberg, Nature~London! 372, 532
~1994!.

24Q. Huang, J. W. Lynn, R. W. Erwin, J. Jarupatrakorn, and R
Cava, Phys. Rev. B58, 8515~1998!.

25R. S. Perry, L. M. Galvin, S. A. Grigera, L. Capogua, A.
Schofield, A. P. Mackenzie, M. Chiao, S. R. Julian, S. I. Iked
S. Nakatsuji, Y. Maeno, and C. Pfleiderer, Phys. Rev. Lett.86,
2661 ~2001!.

26S. Nakatsuji and Y. Maeno, Phys. Rev. Lett.84, 2666 ~2000!;
Phys. Rev. B62, 6458~2000!.
4-9



Y

K

H.

y

M

K.

m,

A.

n-

en,
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