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A systematic study of magnetoresistance and dc magnetization was conducted in polycrystalline
�Ru1−xIrx�Sr2GdCu2O8 ��Ru,Ir�-1212� compounds, for 0�x�0.15. We found that a deviation from linearity in
the normal-state electrical resistivity ��� curves for temperatures below the magnetic transition temperature
TM�130 K can be properly described by a logarithmic term. The prefactor C�x ,H� of this anomalous ln T
contribution to ��T� increases linearly with the Ir concentration, and diminishes rapidly with increasing applied
magnetic field up to H�4 T, merging with the C�0,H� curve at higher magnetic fields. Correlation with
magnetic susceptibility measurements supports a scenario of local perturbations in the orientation of Ru
moments induced in the neighborhood of the Ir ions, therefore acting as scattering centers. The linear depen-
dence of the prefactor C�x ,H=0� and the superconducting transition temperature TSC on x points to a common
source for the resistivity anomaly and the reduction in TSC, suggesting that the CuO2 and RuO2 layers are not
decoupled.
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I. INTRODUCTION

The intriguing coexistence of superconductivity and mag-
netic order has placed the ruthenium cuprates under consid-
erably investigation recently.1 Although a comprehensive un-
derstanding of the magnetic response and its correlation with
the electric transport properties has been achieved,2–5 the in-
terplay between the charge carriers and the ruthenium mag-
netic moments still remains a topic of interest and contro-
versy. Evidence for the scattering of carriers by spin
fluctuations was identified from magnetoresistance �MR�
data in RuSr2GdCu2O8 �Ru-1212�.6 For temperatures well
above the magnetic transition at TM�130 K, the observed
negative MR is proportional to the square of the magnetiza-
tion, and an exchange interaction energy between the con-
duction electrons and the spin system of �30 meV has been
determined.6 As TM is approached from above, the MR�T�
curves become progressively more linear.7 Below TM, a posi-
tive peak in MR�T� emerges at H�2–3 T, before becoming
negative again in higher magnetic fields.6,8 This type of the
temperature dependence of MR differs considerably from
other Ru oxides, such as SrRuO3 and Sr4Ru3O10.

8

The positive peak in MR�T� is still not consistently ex-
plained. Although qualitative considerations linking the posi-
tive peak in MR to either the competition of ferromagnetic
and antiferromagnetic interactions,3 or to magnetic phase
separation9 have been posited, a more detailed understanding
is in order. On the other hand, Hall effect and thermopower
measurements show an anomalous decrease below TM.4 All
these results clearly show that the charge carriers interact
with the magnetic moments along the Ru sublattice in the
ruthenate cuprates.

In addition to these features, there is an open debate on
how conducting the RuO2 layers are, and to which extent the
charge carriers in the layers are delocalized.3,4,8 Modeling of

transport properties, based mainly on the Hall effect and
thermopower measurements,4 suggests appreciable electrical
conductivity within magnetically ordered RuO2 layers, a re-
sult supported by band-structure calculations.10

However, magnetization data11 and nuclear quadrupole
resonance12 results indicate that most of the electronic charge
in the RuO2 layers is localized. A two-band model of parallel
conduction in decoupled CuO2 and RuO2 layers has been
proposed to account for the observed transport properties.4,8

Such approach is consistent with the coexistence of magne-
tism and superconductivity with an exchange interaction of
the same order of the superconducting energy gap.6 The
negative MR and the very large Hall effect strongly point to
a small, but appreciable, carrier conduction within the RuO2
planes, although the main electrical conductivity channel is
along the CuO2 layers.3 These contradictory results and
statements clearly indicate that further experimental evi-
dence and a critical analysis of the magnetoresistance data
are needed.

In this work we address the coupling between charge car-
riers and the Ru magnetic moments in the normal state of the
�Ru1−xIrx�Sr2GdCu2O8 ��Ru,Ir�-1212� series, in the tempera-
ture range between TM and the superconducting critical tem-
perature TSC. The magnetic and transport properties of the
�Ru,Ir�-1212 system were determined as Ir was gradually
substituted for Ru up to x=0.15. Examining the changes as a
function of Ir substitution should lead to a better understand-
ing of the parent material. Iridium has been selected as the
doping element in order to locally perturb the Ru magnetic
sublattice with negligible structural distortions. MR�T� mea-
surements, under applied magnetic fields up to H=18 T, re-
vealed a logarithmic contribution to the electrical resistivity
over a temperature interval of about 30–40 K between TM
and the onset of superconductivity. The magnitude of this
anomaly was characterized by a prefactor C�x ,H�, extracted
from fittings of the ��T� data.
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II. EXPERIMENTAL

Polycrystalline samples of Ru1−xIrxSr2GdCu2O8 �0�x
�0.15� were prepared by solid-state reaction, as described
elsewhere.13 X-ray powder diffraction measurements were
performed using Cu K� radiation on a Brücker D8 Advance
diffractometer. The diffraction patterns were collected in the
20° �2��80° range with a step size of 0.01° and 8 s
counting time. Rietveld refinements of the crystal structures
were performed using the GSAS software.14 The temperature
dependence of the magnetoresistance ��x ,T ,H� was mea-
sured by the standard four-probe method using a Linear Re-
search Model LR-700 ac bridge operating at 16 Hz. Copper
leads were attached to silver-film contact pads on
parallelepiped-shaped samples with typical dimensions of 5
�2�1.5 mm3. Magnetoresistance experiments were per-
formed at the National High Magnetic Field Laboratory, Los
Alamos, in the temperature range from 2 to 300 K, and mag-
netic fields H up to 18 T. Measurements of dc magnetization
in the remnant field of the superconducting magnet �H
�1 Oe�, between 5 and 300 K, upon cooling �field cooled
�FC�� and warming �zero-field cooled �ZFC��, were carried
out using a superconducting quantum interference device
magnetometer from Quantum Design.

III. RESULTS

The x-ray diffraction �XRD� patterns of the �Ru,Ir�-1212
series revealed that all samples were nearly single phase,
with small volume fractions ��2%� of SrRuO3 and
Sr2GdRuO6.13 The volume fraction of the extra phases is
independent of the Ir concentration, within the resolution of
the XR diffractometer. The diffraction peaks were indexed as
belonging to the Ru-1212 tetragonal phase, space group
P4 /mmm. The lattice parameters and the atomic positions
yielded by the Rietveld analysis are independent of the Ir
content up to x=0.10.13 Further details on the structural char-
acterization of this series are described elsewhere.13

The temperature dependence of the ZFC and FC magne-
tization for the pure and 10 at. % Ir-doped samples of this
�Ru,Ir�-1212 series are displayed in Fig. 1. The magnetic
transition temperature TM associated with the RuO2 planes
has been determined from the inflection point in the FC
curve, i.e., from the maximum in dM /dT. TM drops linearly
with x up to x=0.10, as shown in the inset of Fig. 1. While
the reduction in TM for the x=0.10 specimen is �18 K, the
value of TSC is �17 K lower than for the undoped sample.
The smooth separation of the FC and ZFC curves on cooling
indicates the emergence of magnetic irreversibility for Tirr
�TM, as indicated by the arrows in Fig. 1. This feature is
shifted to higher temperatures as x increases, from Tirr �x
=0��140 K to Tirr �x=0.10��175 K.

Further information regarding the effect of Ir doping on
the coupling of the Ru moments can be obtained by exam-
ining the magnetic fluctuations above TM, as seen in the di-
vergence of the magnetic susceptibility. Figure 2 displays a
log-log plot of d� /dT versus �T /TM−1� for the ZFC suscep-
tibility at T�TM. For Ru-1212, a linear behavior has been
reported in the 170 K�T�260 K interval.15 The value of
the slope determined after fitting ��2.25� yields a critical

exponent 	=1.30 �3�, consistent with three-dimensional �3D�
XY fluctuations.15 We obtained the same result for the Ru-
1212 sample, by fitting ��T� to a straight line in the same
temperature range. In addition, the data in Fig. 2 shows that
the Ir-doped samples exhibit the same behavior of the parent
compound up to x=0.10. For x=0.15 and 0.20 the linear
region gets clearly shorter, showing that the disruption of the
Ru sublattice is more significant.

The temperature dependence of the electrical resistivity
��x ,T� for the studied samples with H=0, normalized to
their values at 250 K, is presented in Fig. 3. All the curves
are linear above T�180 K. For Ru-1212, the linear depen-
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FIG. 1. �Color online� Zero-field-cooled �ZFC, open symbols�
and field-cooled �FC, full symbols� magnetization curves for
Ru1−xIrxSr2GdCu2O8 with x=0 and 0.10, measured under the rem-
nant field of the magnet �H�1 Oe�. The beginning of the irrevers-
ibility at Tirr is indicated by arrows. Inset: the compositional depen-
dence of the magnetic transition temperature TM.
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FIG. 2. �Color online� Log-log plot of the derivative of the
zero-field-cooled susceptibility d�dc /dT versus ��T /TM�−1� above
the magnetic transition temperature, TM, for Ru1−xIrxSr2GdCu2O8

with x=0, 0.02, 0.05, 0.10, 0.015, and 0.20. The continuous straight
line is a fit to the x=0 data in the 170 K�T�260 K interval. The
dotted lines are a guide to the eyes.
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dence is extended down to the neighborhood of TM, where a
subtle anomaly is observed.6 The temperature range in which
the linear behavior takes place is gradually shortened as x
increases, and it coincides with the T range of the reversible
region of the ZFC-FC magnetization curves �Fig. 1�. Upon
cooling below Tirr, a smooth upward departure from linearity
is detected. The deviation from linearity is larger for higher x
values. The electrical resistivity increases as the temperature
is decreased below TM, and a minimum is developed for x
=0.05 and 0.10. On further cooling, the onset of the super-
conducting state at TSC is reached. The resistivity curves with
H�0 exhibit a similar behavior, as shown in the inset of Fig.
3 for x=0.10. The deviation from linearity and a shallow
minimum again emerge upon cooling. We note that even for
the higher Ir content �x=0.1� and H=18 T, the zero-
resistance value is reached without broadening in the super-
conducting transition.

The reason for the rise in the electrical resistivity can be,
in principle, inferred from its temperature dependence. First,
it is possible that the upturn in ��T� is due to semiconducting
behavior or a variable-range hopping process. The electrical
resistivity associated with these mechanisms would result in
a temperature dependence as ��exp �T−��, with �=1, 1

4 , and
1
2 corresponding, respectively, to activation, uncorrelated,
and correlated variable-range hopping processes.16 None of
these functional forms fit the divergence in the electrical re-
sistivity in the whole temperature interval. A power-law de-
pendence �ln �� ln T� also failed to describe the experimen-
tal data. Since a logarithmic contribution to the resistivity
has been observed on cooling in different cuprates17–19 a

��x,H,T� = A + BT − C ln T �1�

dependence was considered. The coefficients A and B were
determined by fitting straight lines to the experimental data

in the linear region. The deviation from linearity, 
�=�exp
−A−BT, is plotted against T �on a log scale� in Fig. 4 for
H=0 T. A linear behavior is observed for TSC�T�TM, i.e.,
an interval of about 30–40 K. In addition, the slope of the 
�
versus ln T curves was found to increase with Ir concentra-
tion. The values of the prefactor C�x ,H=0� were obtained
from the fitting procedure, in the linear portion of the 
�
versus ln T curves. Their compositional dependence, normal-
ized to the C�0,0� value, is shown in the inset of Fig. 4. Up
to x=0.10, the ratio C�x ,0� /C�0,0� increases linearly with x,
and it deviates upwards for higher concentrations x�0.10.
No specific type of dependence was found for the TM�T
�Tirr interval.

The 
� versus ln T plots under applied magnetic fields
H�0 were found to exhibit a similar trend, and the magnetic
field dependence of the extracted prefactor C�x ,H� is dis-
played in Fig. 5. As the magnetic field is increased, the pref-
actor C�x ,H� decreases monotonically up to H�3–4 T. At
higher magnetic fields, the C�x ,H� vs H curves merge. For
the C�0.10,H� curve, a small difference with the C�0,H�
values for the highest applied magnetic field �H=18 T� still
remains.

The inset of Fig. 5 displays the magnetic field dependence
of the relative change in the electrical resistivity

��H� /��H=0 T�, with 
��H�= ���H�−��H=0��, at T
=70 K, for samples with x=0 and 0.10. A smooth maximum
is observed in the H�3–4 T range for both curves, i.e., the
same magnetic field region in which changes in the decreas-
ing rate of the C�x ,H� coefficients were observed. The broad
peak in 
��H� /��H=0 T� shifts slightly to higher fields and
shows an increase in its amplitude for the specimen with x
=0.10.

In order to investigate further the interplay between mag-
netic interactions and the conduction mechanism, we at-

FIG. 3. �Color online� Temperature dependence of the electrical
resistivity for Ru1−xIrxSr2GdCu2O8 with H=0 normalized to the
values at 250 K. Inset: the electrical resistivity curves for x=0.10
and H=0, 2, 4, and 18 T. The arrow indicates increasing magnetic
field.

FIG. 4. �Color online� Dependence of the nonlinear part of the
electrical resistivity 
�=�exp−A−BT on ln T for
Ru1−xIrxSr2GdCu2O8 at H=0 T. The coefficients A and B were
determined as described in the text. The solid straight lines are fits
to the data. The values of the slope rise with increasing x and
correspond to the prefactor C in Eq. �1�. Inset: the compositional
dependence of the prefactor C�x� normalized to the C�0� value for
H=0. The continuous straight line is a fit for x�0.10.
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tempted to correlate the prefactor C�x ,H� with the magnetic
susceptibility. The FC magnetization curve for the parent Ru-
1212 compound, M�0,T�, was subtracted from the M�x ,T�
values for the Ir-substituted compounds. The resulting 
M
�x ,T�=M�x ,T�−M�0,T� curves for T�TM are shown in Fig.
6. These curves resemble a Curie-type dependence, possibly
associated with some local induced magnetic moment pro-
moted by the Ir substitution. Assuming the emergence of
such local moments, we have plotted 1 /�dc versus T, as
shown in the inset of Fig. 6, to determine the corresponding
Curie constants Dind=N�ind

2 /3kB. Here, N is the density of Ir
ions per unit volume, �ind is the induced local magnetic mo-
ment, and kB is the Boltzmann constant. The validity of this
approach is of course limited to the extent to which the
temperature-independent contributions to the susceptibility

�0�x� �core diamagnetism, Van Vleck, and Pauli paramag-
netic terms� are canceled by subtraction. The typical values
for these contributions in the high-TC cuprates20,21 are two
orders of magnitude lower than the Curie contribution at the
highest temperature considered �300 K� for the sample with
the smaller Dind value �x=0.02�. Therefore, any possible con-
tribution to 
M�x ,T� due to differences in �0�x� associated
to doping is washed out by the Curie component. Dind was
extracted from the slope of the straight lines fitted for tem-
peratures above the corresponding Tirr. Since the parent Ru-
1212 compound exhibits a nonzero C�0,0� value, it has been
subtracted from the C�x ,0� in order to obtain a new prefactor
Cind=C�x ,0�−C�0,0� describing the net contribution to the
logarithmic deviation from linearity associated with the Ir
content. These prefactors were found to vary linearly with
Dind, as shown in Fig. 7, except for the sample with x
=0.15, where a clear deviation from the linear dependence is
actually observed. The obtained values of �ind, deduced from
the Dind parameters, ranged from �30 to �50�B, for
samples with x=0.02–0.10, respectively.

IV. DISCUSSION

Deviations from linearity in the ��T� curves have been
observed for the ruthenate cuprates and ascribed to low-
quality intergranular junctions.22,23 Several observations in-
dicate that this is not the case for the �Ru,Ir�-1212 materials
of this study. First, the volume fraction of the stray secondary
phases observed in the XRD patterns is essentially constant
for all the samples. Therefore, no differences are induced in
the intergranular composition by Ir doping. Secondly, the
increase in the deviation with the Ir content is not accompa-
nied by suppression of superconductivity or broadening of
the resistive transition, as shown in the inset of Fig. 3, with
all the samples reaching zero resistance, even for fields as
high as H=18 T. Finally, the departure from linearity is ex-

FIG. 5. �Color online� Magnetic field dependence of the prefac-
tor C�x ,H� in Eq. �1� for Ru1−xIrxSr2GdCu2O8 with x=0 and 0.10.
The lines are a guide to the eyes. Inset: the field dependence of the
relative change in the electrical resistivity 
��H� /��0� at T=70 K.
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pected to increase with the rise in H as TSC is approached for
the case of dominant weak-links effects, since a fraction of
the superconducting junctions at H=0 or at low fields will
evolve to the normal state as H increases.

The emergence of the deviation from linearity in the re-
sistivity curves correlates well in temperature with the ap-
pearance of irreversibility in the magnetization measure-
ments, suggesting a magnetic origin for this behavior. The
suppression of the divergence as the magnetic field is in-
creased, as well as the correlation between the prefactors C
and the Curie-Weiss constants Dind in the Ir-doped materials,
strongly support this interpretation.

Other possible sources for the ln T behavior are weak
localization24 and two-dimensional electron-electron
interaction.25 However, these two mechanisms are directly
related to the effects of structural disorder. Since Ir doping
leaves the atomic positions and lattice parameters unchanged
up to x=0.10, they do not apply to the �Ru,Ir�-1212 series.
This is supported by the fact that the values for the prefactor
of the ln T term are much smaller than those expected from
both theories, which predict that whenever the conductance
is �e2 /h �R�25 , a condition met by all our samples�, the
coefficient of the ln T conductance should be around e2 /h.
The values for the coefficients C are about a few m cm, as
shown in Fig. 5. The corresponding values for the conduc-
tance are almost one order of magnitude smaller in compari-
son to the predicted ones. Finally, it has been shown that
these two scattering channels are inconsistent with negative
magnetoresistance,17,18 as observed for the �Ru,Ir�-1212 sys-
tem.

The values of �ind obtained from the ��T� data, ranging
from �30 to �50�B as the concentration of Ir increases,
suggest a scenario in which magnetic clusters act as scatter-
ing centers in the Ir-substituted samples. We recall here,
however, that the prefactor C is not zero for the parent Ru-
1212 �x=0� compound and that the logarithmic contribution
to the electrical resistivity is detected for the same tempera-
ture interval as that observed for the doped samples �Fig. 4�.
It is interesting to note from the inset in Fig. 4 that the linear
behavior obtained for the compositional dependence of the
normalized prefactors with H=0, includes the point
C�x� /C�0�=1 for x=0, a result by no means trivial. Also, its
variation with the magnetic field �Fig. 5� is consistent with
the sequence of curves obtained for x�0. These results
strongly suggest the presence of intrinsic magnetic clusters
in Ru-1212 �x=0� and that Ir doping promotes their forma-
tion. The existence of nanomagnetic clusters in Ru-1212 has
been proposed to account for superparamagnetic M�H�
curves and slow spin dynamics effects.7 Nonlinear ac mag-
netic susceptibility measurements support this assumption.26

These data suggest that the clusters act as intrinsic scattering
centers in the parent Ru-1212 compound, and their density
and size increase with the rise in x. As H is increased, the
scattering of the charge carriers by the magnetic clusters de-
creases, as they become gradually coupled to the magnetic
field. The enhancement of magnetic-cluster formation by Ir
doping is possibly related to the similar electronic configu-
ration of Ru�4d75s1� and Ir�5d75s2�, favoring some coupling
of the Ir magnetic moments to the Ru spin system. This
coupling locally perturbs the orientation of the neighboring

Ru moments within a certain correlation volume of nanomet-
ric size, leaving essentially unchanged a significant fraction
of them in the Ru-1212 matrix. The fact that Ir substitution
up to x=0.10 does not alter a distinct feature of the magnetic
response of Ru-1212, as the 3D XY character of the magnetic
fluctuations above TM �Fig. 2�, indicates that the interplane
coupling between the RuO2 layers and the orientation of
most of the Ru moments parallel to them, are not affected by
the Ir content in the range studied, supporting the idea that
the magnetic perturbation associated to doping has a local
character. The low decreasing rate of TM for x�0.10 also
indicates that the disruption of the Ru sublattice is moderate.
For comparison, while TM=112 K for x�Ir�=0.10, the value
of TM for the same at. % Sn-substitution is about 30 K lower,
suggesting a much stronger disruption of the magnetic cor-
relations within the Ru sublattice.27 We note that Sn is a
diamagnetic species that simply dilutes the Ru-spin system,
leaving practically unchanged the volume of the unit cell for
10% substitution �the actual change is �0.15%�.

A logarithmic contribution to the electrical resistivity has
been reported for different high-TC cuprates,16–19,28 and scat-
tering by magnetic centers was identified as the source of the
anomaly. Local magnetic moments were induced in the CuO2
conduction planes by Cu substitution or promoted through
localization of holes due to disorder. The situation is quite
different for �Ru,Ir�-1212, where the perturbation of the mag-
netic order is located in the adjacent RuO2 layers, while the
CuO2 planes are not affected. Therefore, either the RuO2
planes are conducting below TM and/or the charge carriers
are not confined to the CuO2 planes. Since no distortions are
induced by Ir doping, the decrease in TSC is not due to struc-
tural disorder. The fact that the prefactor C�x ,H� and TSC
exhibit a linear dependence on x strongly suggest that the
interaction of carriers with the spin system in the normal
state has a leading role in TSC suppression, indicating that the
RuO2 and CuO2 planes are not decoupled.

V. CONCLUSIONS

A logarithmic deviation from linearity in the normal-state
region of the resistivity curves in �Ru,Ir�-1212 is due to the
interaction of the charge carriers with the ordered Ru sublat-
tice. The compositional and magnetic field dependence of the
coefficients of the logarithmic contribution strongly suggest
a scenario of intrinsic magnetic clusters acting as scattering
centers in the parent Ru-1212 �x=0� compound, with density
and size that increase upon Ir substitution. Cluster formation
is promoted by a local perturbation in the orientation of the
Ru magnetic moments in the neighborhood of the Ir ions.
The role of the spin degrees in the conduction mechanism is
clearly evidenced by the progressive suppression of this scat-
tering channel with increasing magnetic field and by its
strengthening with the increase in the density and size of the
scattering centers. The correlation between the intensity of
the resistivity anomaly and the decrease in the superconduct-
ing transition temperature strongly suggests that the interac-
tion that scatters the charge carriers in the normal state is the
dominant pair-breaking mechanism and evidences that a
fraction of the carriers entering into the superconducting
state interacts with the Ru moments.
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