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Abstract. Strongly underdoped RuSr1.9La0.1GdCu2O8 has been comprehensively studied by dc magnetiza-
tion, microwave measurements, magnetoresistivity and Hall resistivity in fields up to 9 T and temperatures
down to 1.75 K. Electron doping by La reduces the hole concentration in the CuO2 planes and completely
suppresses superconductivity. Microwave absorption, dc resistivity and ordinary Hall effect data indicate
that the carrier concentration is reduced and a semiconductor-like temperature dependence is observed.
Two magnetic ordering transitions are observed. The ruthenium sublattice orders antiferromagnetically
at 155 K in low applied magnetic fields, and the gadolinium sublattice orders antiferromagnetically at
2.8 K. The magnetoresistivity in this compound exhibits a complicated temperature dependence due to
the occurence of the two magnetic orders and spin fluctuations. It is shown that the ruthenium magnetism
influences the conductivity in the RuO2 layers while the gadolinium magnetism influences the conductivity
in the CuO2 layers. The magnetoresistivity is isotropic above 4 K, but it becomes anisotropic close to the
gadolinium antiferromagnetic order temperature.

PACS. 74.72.-h Cuprate superconductors – 74.25.Fy Transport properties – 74.25.Ha Magnetic properties
– 74.25.Nf Response to electromagnetic fields

1 Introduction

The observation of magnetic order with a ferromag-
netic (FM) component and superconductivity (SC) in the
ruthenate cuprates is an intriguing issue that has moti-
vated a number of studies especially since it has been
reported that superconductivity and the magnetic order
may coexist [1]. It has been argued that the coexistence
of the competing order parameters occurs via a sponta-
neous vortex phase [1,2] in a similar way as in the Ru1222
compounds [3].

In RuSr2RCu2O8 (R = Eu,Gd) the low field mag-
netic ordering at TM ≈ 133 K is predominantly antifer-
romagnetic (AFM) with spin-canting leading to a small
ferromagnetic component [4–7]. With increasing magnetic
field, the ferromagnetic component increases [4,5,7] pre-
sumably due to spin-flop transitions [5]. Also, it has re-
cently been reported that a small fraction of ferromagnetic
nanoparticles may appear dispersed in the antiferromag-
netic lattice of RuSr2RCu2O8 [8].
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There is a general agreement that superconductivity is
associated with the CuO2 layers and magnetic order with
the RuO2 layers when R = Eu. It has been shown that
both kinds of layers contain delocalized carriers [9], with
the coupling between the CuO2 and RuO2 layers being
weak [10,11]. Furthermore, nuclear magnetic resonance
measurements [12] have shown that there is a weak ex-
change coupling between Ru and Cu, while electron para-
magnetic resonance measurements have shown that there
is also a weak exchange coupling between Ru and Gd [13].

There is still an open debate concerning the nature
of the low field antiferromagnetic order in the ruthenium
sublattice. Neutron scattering experiments suggest G-type
antiferromagnetism where the Ru spins are aligned along
the c-axis [4,6], whereas zero-field nuclear magnetic reso-
nance measurements suggest that the spins are aligned in
the ab-plane [9]. In addition to the low-field AFM ordering
of the ruthenium sublattice, the gadollinium sublattice or-
ders in G-type antiferromagnetism at 2.8 K [4]. The dipo-
lar fields from the AFM ordered ruthenium sublattice do
not exactly cancel at the gadollinium site because of the
spin canting [6].

The coupling between the magnetic orders in the
Ru- and Gd-sublattices was indicated from magnetiza-
tion measurements [5,6], but the effect of this coupling on
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the transport properties has not been studied because the
pure compound is superconducting at the temperatures of
interest.

In order to study the evolution of the magnetic or-
der from high to low temperatures, and its impact on the
transport properties, one needs to eliminate the supercon-
ducting state. For this purpose, we have prepared a La-
doped sample, RuSr1.9La0.1GdCu2O8 (5% of La on the
strontium site). The lattice parameters in the substituted
compound are changed only by a very small amount with
respect to the parent compound, but the electronic struc-
ture is greatly affected. The replacement of Sr2+ by La3+

reduces the hole concentration in CuO2 planes below that
required for the occurence of superconductivity (less than
0.05 holes per Cu) [14].

2 Experimental details

The RuSr1.9La0.1GdCu2O8 ceramic sample was prepared
by the procedure described previously [15].

Resistivity, magnetoresistivity and Hall effect measure-
ments were carried out using the standard six-contact con-
figuration using the rotational sample holder and the con-
ventional ac technique (22 Hz, 1 mA), in magnetic fields
up to 9 T. The magnetoresistivity was measured with mag-
netic field (H) and current (I) in both, transversal (H ⊥ I)
and longitudinal (H ‖ I) configurations. The tempera-
ture was controlled with carbon-glass and platinum ther-
mometers in temperature swept resistivity measurements,
while a capacitance thermometer was used in magnetic
field sweeps at constant temperatures.

The characterization of the samples by both, dc and
ac magnetization measurements was done using a SQUID
magnetometer.

Microwave measurements were carried out in an el-
liptical eTE111 copper cavity operating at 9.3 GHz. The
sample was mounted on a sapphire sample holder and po-
sitioned in the cavity center where the microwave elec-
tric field has a maximum. The temperature of the sample
could be varied from liquid helium to room temperature.
Measurements were made with dc magnetic fields of up to
8 T. The details of the detection scheme are given else-
where [16]. The measured quantities were 1/2Q, the total
losses of the cavity loaded by the sample, and ∆f/f , the
relative frequency shift with respect to the starting point
in the measurement. They are simply related to the sur-
face impedance of the material Zs, which depends on the
complex conductivity σ̃ and complex relative permeabil-
ity µ̃r. The total microwave impedance comprises both
nonresonant resistance and resonant spin contributions.

3 Results and analyses

Figure 1a shows dc magnetization of RuSr1.9La0.1

GdCu2O8. It is similar to the magnetization measured
previously in the pure compound [10]), but with a slightly
higher magnetic ordering transition temperature TRu ≈

Fig. 1. (a) Field cooled (FC) and zero field cooled (ZFC)
magnetization of the ceramic sample measured in dc magnetic
field of 50 Oe. Inset: ZFC magnetization at low temperatures,
measured in dc field of 25 Oe; (b) microwave absorption of the
ceramic sample measured in zero field (full squares) and in B =
8 T (open circles). The observed peak at 155 K disappears at
fields higher than 1 T. The inset shows the differences between
the microwave absorption measured at several field values and
the absorption at zero field (microwave magnetoresistance).

155 K in RuO2 planes, and no sign of superconductivity
in CuO2 planes down to 1.8 K. The upturn in magnetiza-
tion below 25 K follows the Curie-Weiss law C/(T − Θ)
with Θ between 2 and 5 K. It is due to the enhanced para-
magnetism of Gd ions. Antiferromagnetic ordering of the
Gd sublattice appears at TGd = 2.8 K (inset).

The temperature dependence of the microwave absorp-
tion in zero field and in B = 8 T is shown in Figure 1b.
The high temperature microwave absorption is about two
times larger than that of the pure compound, indicat-
ing that the conductivity is lower in the La-doped com-
pound. The zero field microwave absorption shows a peak
at TRu ≈ 155 K which disappears at fields higher than 1 T.
The inset shows microwave magnetoresistance for three
different fields. This behaviour is qualitatively and quan-
titatively equivalent to that observed in the pure com-
pound [10]. At lower temperatures the absorption rises, in
contrast to the absorption in the superconducting parent
compound. This rise is a combined effect due to the sample
resistivity and paramagnetic resonance from the Gd ions.
The magnetic field dependence of the microwave complex
frequency shift at 5.5 K is shown in Figure 2. The signal
is dominated by electron paramagnetic resonance (EPR)
from the Gd3+ ions. Namely, when a conducting sam-
ple is placed at the position of the maximum microwave
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Fig. 2. Magnetic field dependence of the complex frequency
shift at T = 5.5 K: (a) imaginary part of the complex frequency
shift (absorption); (b) real part of the complex frequency shift
(dispersion). The signals are dominated by electron spin reso-
nance from the Gd3+ ions.

electric field, the induced surface currents create a nonva-
nishing B inside the sample [17]. The observed EPR line
is wide and the signal becomes detectable below 45 K.
This gadollinium EPR signal was obscured by the effects
of superconducting weak links in the bulk pure compound,
but it was observable in the powdered sample of the same
pure compound [10].

The resistivity in zero field and in B = 9 T is shown in
Figure 3a. At high temperatures the resistivity is roughly
two times larger than in the pure compound (also shown
in Fig. 3a). The contribution of intergranular regions to
the resistivity cannot be excluded, especially at lower tem-
peratures. However, we note that the Hall measurements,
shown later in this paper, clearly show that the number of
carriers in the substituted compound is reduced with re-
spect to that found in the pure compound. The kink that
can be seen in the zero field resistivity curve at 155 K
corresponds to the peak observed in the microwave ab-
sorption, and in zero field cooled (ZFC) magnetization
curves. It is the sign of the antiferromagnetic ordering in
the RuO2 planes. The relative transversal magnetoresis-
tivity ∆ρ(H, T )/ρ(0, T ) at applied magnetic fields of 1 T,
5 T, and 9 T (∆ρ(H, T ) = ρ(H, T ) − ρ(0, T )) is shown
in Figure 3b. It can be seen that the magnetoresistivity
at 9 T shows a pronounced minimum at 155 K, becomes
positive at 85 K, shows a maximum at 30 K, and becomes
negative again below 10 K. Note that similar behaviour is
also present in the microwave absorption (inset to Fig. 1b).
We aim to study in detail this complex temperature be-
haviour.

Figure 4 shows transversal magnetoresistivity versus
magnetic field in a large temperature range from 230 K
down to 1.75 K. The curves are grouped in subsets ac-
cording to the physical processes that dominate in each of
the temperature ranges.

The behaviour at high temperatures from 230 K down
to 160 K is shown in Figure 4a. In this temperature range,
there can occur ferromagnetic spin fluctuations without
any long range magnetic order. The application of an ex-
ternal field leads to a net thermal average moment and

Fig. 3. (a) Resistivity of RuSr1.9La0.1GdCu2O8 in zero field
and at B = 9 T. The resistivity of the parent compound
RuSr2GdCu2O8 [10] is also plotted by thinner lines for com-
parison. The inset shows the zero field resistance curve in an
enlarged scale. The dotted line is the extrapolation of the tem-
perature dependence of the resistivity from higher to lower
temperatures. (b) Transversal magnetoresistivity at three dif-
ferent fields. The lines are guides to the eye.

Fig. 4. Relative transversal magnetoresistivity: (a) above
160 K; (b) between 25 K and 160 K; (c) between 2.4 K and
25 K; (d) below 2.4 K.
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Fig. 5. (a) Net magnetoresistivity at temperatures be-
tween 25 K and 145 K (the curve at 160 K is sub-
tracted). We denote ∆ρ160(H, T ) = ∆ρ(H,T )/(ρ(0, T )) −
∆ρ(H, 160 K)/(ρ(0, 160 K)); (b) the net magnetoresistivity at
4 T for temperatures below 160 K.

a concomittant reduction in the carrier scattering, thus
yielding negative magnetoresistivity.

Antiferromagnetic long range order appears only be-
low 155 K in zero field, or in very small applied fields, as
can be seen in the magnetization curves in Figure 1a. With
the onset of antiferromagnetic order, the magnetoresistiv-
ity curves in Figure 4b become progressively less negative.
This behaviour is opposite to that in Figure 4a, and in-
dicates that a different physical process sets in. In order
to interprete the MR curves below the magnetic order-
ing temperature, it is useful to look first at the behaviour
of the zero field resistivity (inset to Fig. 3a). When the
AFM order sets in, the resistivity drops below the values
that might have been expected from the extrapolation of
the temperature dependence observed above the transition
(dotted line in the inset of Fig. 3a). Similar behaviour is
also seen in the zero field microwave absorption in Fig-
ure 1b. Since no appreciable change of the measured Hall
coefficient is observed in the vicinity of 155 K (see later
in this paper), we believe that the presently described ob-
servations can be interpreted as a clear evidence that the
carrier scattering is reduced due to the onset of the AFM
order. Having this in mind, we can now turn our atten-
tion again to the magnetoresistivity curves in Figure 4b.
The increasing field first reduces the AFM order param-
eter, thus yielding an increase in the carrier scattering.
Therefore, the magnetoresistivity curve at 145 K shows a
relative increase with respect to the 160 K curve. When
the long range AFM order is destroyed, the spin system
is in the paramagnetic phase, and the increasing applied
field favours ferromagnetic fluctuations. This explains why
the magnetoresistivity remains negative. However, as the
temperature is lowered further on, the AFM order param-
eter becomes larger. Below 100 K, it is strong enough that

the initial rise of the magnetoresistivity curves dominates
in Figure 4b. It appears that much larger applied fields
would be required in order to destroy the AFM order pa-
rameter.

It is also known that an increased magnetic field can
lead to spin canting, which yields an FM component. This
growing FM component tends to decrease the carrier scat-
tering, so that the magnetoresistivity curves acquire a neg-
ative slope at high enough fields. It is difficult to distin-
guish between this long range FM component and the field
induced FM fluctuations that remain after any long range
order parameter is destroyed. However, we observe in Fig-
ure 4b that the negative slopes which appear at high fields
in low temperature curves are not bigger in absolute values
than the slope of the curve at 160 K. Hence, it seems that
the long range FM component, due to canting of the AFM
order, does not exceed the field induced FM fluctuations.

We believe that it is possible to separate AFM and
FM contributions to the magnetoresistivity, at least in an
approximate way. We have subtracted MR curve at 160 K
from MR curves at lower temperatures, and the result is
shown in Figure 5a. If one assumes that the FM contribu-
tion to the magnetoresistivity does not change appreciably
below 160 K, the plotted curves represent an AFM con-
tribution to the magnetoresistivity due to the ruthenium
sublattice. The AFM order parameter in the ruthenium
sublattice is gradually reduced with increasing magnetic
field, and the introduced disorder makes a positive contri-
bution to the magnetoresistivity. At lower temperatures,
the zero field AFM order parameter becomes larger, so
that the corresponding curves in Figure 5a also show a
larger rise. At high enough fields, when the AFM order is
completely destroyed, the curves in Figure 5a saturate.

The evolution of the ruthenium AFM order parameter
can be followed in Figure 5b, where the AFM contribu-
tion to the MR at 4 T is plotted. This order parameter
practically saturates at lower temperatures, and it is rea-
sonable to assume that the ruthenium contribution to the
MR curves does not change appreciably at temperatures
below 25 K. The same conclusion would be reached if the
points were plotted at some other field value.

The magnetoresistivity curves at still lower temper-
atures show yet another interesting feature below 25 K
(cf. Fig. 4c). A negative contribution appears in the mag-
netoresistivity curves at 15 K (slightly) and 8 K (more
pronounced), and superimposes on the total signal. It be-
comes dominant as the temperature is lowered down to
2.8 K. Given the saturation trend observed in Figure 5,
it is unlikely that a dramatic change occurs in the or-
dering of the ruthenium subsystem below 25 K. On the
other hand, gadolinium spins exhibit enhanced param-
agnetism below 25 K, as seen from the magnetization
curves in Figure 1a, and the microwave absorption in
the inset to Figure 1b. The paramagnetism from the Gd
ions is so strong at 5.5 K that electron spin resonance
can be observed (Fig. 2) even without the common field
modulation technique. Hence, we ascribe the observed
negative contribution to the magnetoresistivity in Fig-
ure 4c to a precursor of the AFM ordering of the Gd spin
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Fig. 6. Differences between transversal magnetoresistivity
(∆ρ25(H, T ) = ∆ρ(H,T )/ρ(0, T )− ∆ρ(H,25 K)

ρ(0,25 K)
) at various tem-

peratures (The curve at 25 K is subtracted): (a) net magne-
toresistivity at temperatures between 2.4 K and 15 K; (b) net
magnetoresistivity at temperatures between 1.75 K and 2.4 K.

subsystem. To distinguish the evolution of the gadolin-
ium spin subsystem contribution from the already satu-
rated ruthenium contribution, we can subtract the MR
curve at 25 K from MR curves at lower temperatures.
The results are shown in Figure 6. The evolution above
2.4 K (Fig. 6a) is qualitatively similar to the behaviour
of the Ru subsystem above 160 K observed in Figure 4a.
The gadolinium spin subsystem exhibits strong paramag-
netism as a precursor to AFM ordering. The application
of an external magnetic field stimulates parallel alignment
of the Gd spins, thus reducing spin disorder and carrier
scattering. The largest negative magnetoresistivity in Fig-
ure 6 is observed at 2.4 K, slightly below the AFM ordering
temperature of the Gd spin subsystem.

The effect of the increasing AFM order parameter at
still lower temperatures is seen in Figure 6b. Qualitatively,
this behaviour is similar to that of the ruthenium subsys-
tem below 155 K. The initial rise of the magnetoresistivity
is due to the destruction of the long range AFM order of
the Gd subsystem. At higher fields, the negative compo-
nent of the magnetoresistivity prevails. In analogy with
the ruthenium subsystem, we assume that the negative
magnetoresistivity is due to the field induced FM fluctu-
ations, and assume that this component does not change
appreciably below 2.4 K. Hence, we subtract the curve at
2.4 K from the MR curves at lower temperatures, and the
result is shown in Figure 7a. The initial rise of the mag-
netoresistivity appears to be analogous to the behaviour
already seen in Figure 5a for the ruthenium governed mag-
netoresistivity.

In order to check the correspondence of the magnetore-
sistivity to the phase diagram of the Gd spin sublattice, we
have performed a series of magnetization measurements at
low temperatures. The magnetic susceptibility at various
applied fields is shown in Figure 7b. The AFM transi-
tion temperature is suppressed by the magnetic field, and

Fig. 7. (a) Net magnetoresistivity at temperatures be-
low 2.4 K when magnetoresistivity at 2.4 K is subtracted
(∆ρ2.4(H,T ) = ∆ρ(H,T )/ρ(0, T )−∆ρ(H,2.4 K)/ρ(0, 2.4 K));
(b) low-temperature magnetic susceptibility for several applied
magnetic fields; (c) peak positions of the magnetic susceptibil-
ity in b, full squares) and saturation fields of the AFM mag-
netoresistivity in a, open circles).

completely disappears in fields higher than 2 T. The peak
positions are plotted in the phase diagram shown in Fig-
ure 7c. The field values where the AFM contribution to
the magnetoresistivity reaches a maximum in Figure 7a,
are also plotted in Figure 7c as open symbols. It is ob-
vious that the two observed features are well correlated.
Therefore we can identify the maxima in Figure 7a with
the field induced transition from antiferromagnetic to the
paramagnetic phase of the Gd spin subsystem.

In order to extract additional information from the
magnetoresistivity, we have measured it in both, lon-
gitudinal (H ‖ I) and transversal (H ⊥ I) configura-
tions, so that the anisotropy can be determined. The de-
tected anisotropy in the magnetoresistivity is very small
for temperatures above 4 K, similar to the observation
in pure compound [10]. However, below 4 K a significant
anisotropy appears between the transversal and longitu-
dinal magnetoresistivity. The two curves taken at T =
2.04 K are shown in Figure 8a. The anisotropy at other
temperatures below 4 K is qualitatively similar to that
in Figure 8a. Their common feature is that the anisotropy
does not show up at low magnetic fields where the magne-
toresistivity is positive. This is the region where the AFM
order of the Gd spins prevails. At higher fields a gradual
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Fig. 8. (a) Transversal and longitudinal magnetoresistivity
at T = 2.04 K; (b) temperature dependence of anisotropy at
B = 4 T (opened circles) and B = 9 T (full circles). The
plotted parabolas serve as guides to the eyes.

difference between the longitudinal and transversal mag-
netoresistance develops. It is well-known that anisotropy
in magnetoresistance is a common feature of ferromag-
nets [18], and we suggest that the present observation is
yet another evidence that ferromagnetic fluctuations re-
lated to the Gd spin subsystem develop at higher fields.
The evolution of the anisotropy with temperature is also
interesting. Figure 8b shows data taken at 4 T and 9 T.
The anisotropy reaches its maximum around TGd = 2.8 K.
Obviously, it corresponds to the gadolinium magnetic or-
dering temperature.

The Hall resistivity has also been measured, and data
for some high temperatures are shown in Figure 9. The
Hall resistivity is linear up to 9 T for all measured tem-
peratures, and the deduced Hall constant is very weakly
temperature dependent. Its value was roughly two times
larger than the high field Hall constant of the undoped
sample, indicating a reduced number of carriers. The Hall
resistivity of the undoped sample at 124.5 K is shown by
the dashed line in Figure 9. We note that in the present
study there is no significant nonlinearity of the Hall re-
sistance, i.e. there is no clear evidence of an extraordi-
nary Hall effect. In our previous paper, the observation
of the extraordinary Hall effect was taken as an impor-
tant evidence that the RuO2 layers are conducting in the
pure sample [10]. The lack of the extraordinary Hall ef-
fect in the La-doped sample need not, however, be taken
as a proof that the RuO2 layers are not conducting. It is
rather likely that the absence of nonlinearity in the Hall
resistivity in Figure 9 is due to a smaller, and more linear
magnetization in this sample. Thus, based only on the Hall
resistivity, we can neither prove nor reject the conduction
in the RuO2 layers. However, we believe that the MR data
strongly suport the conductance in both, the RuO2 and
CuO2 layers.

Fig. 9. Hall resistivity at three different temperatures. The
Hall resistivity of the undoped sample at 124.5 K is shown by
the dashed line [10].

4 Discussion

The extensive measurements carried out in this work on
the La-doped Ru-1212:Gd sample have yielded complex
results. We shall attempt to interprete the various features
in the experimental data as being related to the crystal
structure of RuSr2GdCu2O8.

The ruthenium magnetic ions are relatively far away
from the conducting CuO2 planes. As pointed out by
Picket et al.[19], the ruthenium magnetization lies within
the t2g orbitals that do not directly couple to the Cu
dx2−y2 or Cu s orbitals. Hence, their influence on the con-
duction in the CuO2 layers is small, but they certainly
influence the conduction in their own RuO2 planes.

Almost all of the magnetoresistivity above 25 K, seen
in Figures 4a and 4b is due to processes in the RuO2

planes, which are both, conducting and magnetic.
On the other hand, gadolinium magnetic ions are

close to the conducting CuO2 planes. Strongly localized
gadolinium f states do not significantly influence the re-
laxation rates of conduction electrons in the distant RuO2

layers but may have some effect in the nearby conducting
copper planes. Therefore, we ascribe the evolution of the
magnetoresistivity below 25 K, seen in Figure 6, to the
scattering processes in the CuO2 planes.

It is worth noting that the magnetoresistivity at all
temperatures is a weak effect, which amounts at most to
a few percent. The present results show that the ordering
of the ruthenium sublattice at higher temperatures does
not significantly affect the scattering rate of the carriers,
simply because the scattering is already strong. As for the
gadolinium spin ordering at low temperatures, it has a
small effect on magnetoresistivity because gadolinium is
not embeded in the conducting plane.

The side position of Gd3+ ions with respect to the
conducting CuO2 plane can also explain the observed
anisotropy of magnetoresistivity. The magnetoresistivity
anisotropy usually occurs when the ions with nonspheri-
cal distribution of charge are embeded into a conducting
system. A charge carrier encounters an object with a dif-
ferent cross section depending on whether it arrives with
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its k-vector parallel or perpendicular to the moment of the
non-spherical ion [18]. The scattering potential includes
an isotropic attractive potential term V0, a spin depen-
dent exchange interaction term Vex, and a quadrupolar
Coulomb term Vqd [20]. Since the Gd3+ ion has a spheri-
cal f -shell, the quadrupolar contribution to the anisotropy
should be excluded. The only possible origin of the MR
anisotropy could then be due to the already mentioned
position of the Gd3+ ions. The conducting electrons feel
different scattering potential Vex when Gd spins are ori-
ented parallel to the conducting planes or perpendicular
to them.

5 Conclusions

In conclusion, the replacement of 5% Sr2+ ions by La3+

ions in RuSr2GdCu2O8 further decreases doping in the
CuO2 planes in the already underdoped parent compound
to a level where superconductivity is completely sup-
pressed. The number of carriers is strongly reduced as
revealed by the Hall resistance. DC and microwave re-
sistivities are two times larger than in the pure compound
at higher temperatures and show semiconductor-like be-
haviour at lower temperatures.

However, there still remain two conducting layers that
are effectively decoupled. The conducting RuO2 layers are
influenced by magnetic ordering of the Ru spins as already
observed in the parent compound. We detect and explain
the influence of gadolinium magnetism on the conductiv-
ity. Gadolinium localized spins do not alter the electronic
band structure of the CuO2 layers, but may influence the
relaxation rates of normal-state electrons when supercon-
ductivity is destroyed by other means (underdoping).
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