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We have performed a systematic study of the structural, transport, and magnetic properties of polycrystalline
samples of the magnetic superconductors Rir, Sr,GdCw,Os; « =0, 0.02, 0.05, 0.10, and 0.15. The samples
were prepared by solid state reaction and sintered at 1066r 72 h under @ flow. X-ray diffraction analysis

shows that all samples are nearly single phase and that the lattice parameters are independent of Ir content.
Transport properties measurements revealed that the Ru substitution by Ir results in a decregse offém

~ 50K (z =0)to~ 30K (z =0.10). Further addition of Ir{ > 0.10) causes an evolution from metallic to non-
metallic behavior op(T). We have also found that magnetic order develops in the undoped Ru-1212 materials
near Ty ~ 130 K. This temperature decreases linearly with increasing Ir content at the ratelo K / Ir

at.%, suggesting that Ir effectively substitutes Ru in the RuO planes. A subtle dp¢p)iis observed close to

T, probably due to the suppression of the spin-flip scattering. The magnetoresistivity measurements revealed
that the temperature.T .., in which p(T) ~ 0, decreases rapidly for low applied magnetic fields<(i2 T),

and that this drop becomes much less pronounced in higher magnetic fiefdsl (2 18 T). The appreciable
broadening ofp(T) curves at low magnetic fields is reminiscent of the behavior in higim@terials showing
granular behavior, as for example in $83Ce).15CuO;_,.

1 Introduction RuSKLLNCu,Os compound (Ru-1212) is closely related to
the one of the LnBzCuw;O; (Ln-123), [1] in which the in-
] termediate layer consists of vertex sharing Bu©tahedra
A considerable research effort has been devoted re-gpacing the Cu@squares of the Ln-123 structure. [4, 5]
cently to the understanding of the physical properties of the coexistence of SC and FM can be sustained possibly

the ruthenocuprate compounds with general compositionpacause of the weak coupling between the Ru-O magneti-
RuSpLNCL,Og and RuSk(Lni;,Ce—)CwOio (LN = cq)ly ordered layers and the SC Cu-O planes.
Sm, Eu, and Gd). [1, 2] The interest in these materi-

als was triggered by the observation of coexisting super-  Animportant point concerning the superconducting and
conductivity (SC) and long-range magnetic order, includ- magnetic properties in these ruthenocuprates is the valence
ing weak-ferromagnetism (wFM), at moderately high tem- of the Ru ions. X-ray absorption near-edge structure spec-
peratures (T). [3, 4] The occurrence of long-range mag- troscopy in the Ru-1212 compounds yields 40-50% ofRu
netic order has been determined by means of magneticand 60-50% of Ru". [8] In light of the proximity of the
susceptibility, and muon spin relaxation, while details of superconducting Cu-O and the magnetically ordered Ru-
the magnetic and crystal structure have been studied byO layers, and taking into account that the superconducting
neutron diffraction. [5] Heat capacity measurements and transition temperature (Jis lower than the magnetic order-
diamagnetic shielding fraction data indicate that SC is a ing temperature (i), it has been suggested that the onset of
bulk property, coexisting in a microscopic scale with mag- superconductivity is accompanied by a spontaneous vortex
netism in these materials. [6, 7] The crystal structure of the phase. [9]
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Another relevant feature of these superconductors is theing magnet £ 1 Oe) were recorded in the T-range from 5 to
strong dependence of parameters like the normal-state elec300 K, both with decreasing and increasing T. The temper-
trical resistivity (p), the superconducting transition temper- ature dependence of tlee magnetic susceptibility(,.(T)
ature (T.), and the width of the superconducting transition was measured at 155 Hz using an excitation field of 2 Oe.
(AT,.) on the synthesis conditions. [6] Nevertheless, the on-  Four-wire dc electrical resistivity)(T) measurements
set of SC (T onset) for the Ru-1212 RuSGdCw,Og com- were performed in the temperature range Z < 300 K and
pound is usually~ 45 K and the Curie temperature, T~ applied magnetic fields (H) to 18 T, utilizing a LR-700 Lin-
132 K. [4] ear Researchc resistance bridge operating at 16 Hz. The

The weak coupling that allows the coexistence of SC and high field measurements were carried out at the National
FM is strongly affected by both high pressure and chemi- High Magnetic Field Laboratory in Los Alamos.
cal substitutions. Thus, an approach to study the coexisting
phenomena in these superconductors is via chemical substi- . .
tution. Some results regarding different cation substitutions 3 Results and Discussion
in Ru-1212 have already been reported. [6,10-14] However,
only a fraction of them concern substitutions at the Ru site, The XRD analysis of the polycrystalline samples of
in spite of their relevance, and given the currently unsolved Rt —z1r; SGdCWwOg (0 < z < 0.15) revealed that all sam-
configuration of spin and charge of Ru ions in Ru-1212 com- ples are nearly single-phase, while exhibiting very small
pounds. [11] Reported Ru substitutions includeé §iNb*3, fractions of SIRu@ (< 2 %) and Sr-2116< 2 %) impurity
and Ta5. [10-16] More recently, Mo and Sb substitutions Phases (Fig. 1). The impurity content shows no appreciable
for Ru were performed on the Ru-1222 compounds and adependence on the Ir concentration. The diffraction patterns
competition of SC and magnetism was observed. [17, 18] of the Ir-doped materials are nearly identical to that of the
These experiments probe the effect of the changes in ionicParent compound, and they were all indexed according to
radius, valence, and magnetic character of the substitutingthe P4A/mmmspace group. [1]
ion. Both the superconducting and magnetic properties of
Ru-1212 are affected by these substitutions. Carriers can 1 ‘ ‘ ‘
be either introduced or removed from the CuO planes, de- - | } ]
pending on the valence of the substituting ion, modifying the { }
transport properties relative to the parent compound. How- = ]
ever, the majority of these substitutions resulted in changes g
in the structural parameters due to differences in the ionic
radius.

In this work we have investigated the magnetic and
transport properties of RugedCuwOg specimens in order
to study the effect of the dilution of the magnetic Ru sub-
lattice by substituting Ir for Ru. Since the ionic radii of
Ir and Ru are close, it is reasonable to expect that partial
substitutions of Ir for Ru can be made without appreciable
structural changes.
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: Figure 1. X-ray diffraction patterns for Ru,Ir,SrGdCwOs
<

zogi%sﬁglge Srzm;l:j S;Euz;rfjggticﬁa?d(gt&:reac_polycrystalline samples for Ir content= 0, 0.05, and 0.10. The

tT ) q P 1p9 Initiall 9 toichi R[ ts of _main diffraction peaks of Ru§Gdeog are in(_]lexed by thehﬂ(l] _

ion procedure. [19] Initially, stoichiometric amounts of j,gexes and the arrows point to the main lines of the impurity

high-purity Ru, Ir, SrCQ, Gd;O3 were ground together  phases. The inset shows the calculated lattice parametens!
and reacted in air at 125%0C for 12 h in order to obtain  «c.

SKLGARY, _,Ir,Og (Sr-2116) precursors. Then, CuO was
added to the Sr-2116 powders and ground together exten- The lattice parameters for the pure Ru-1212 composition
sively, followed by pelletizing and sintering at 106G for were calculated to ba = b = 3.839 (1)A, andc = 11.536
72 hin flowing Q. The two-step route yielded samples with (1) A. These values were nearly unchanged due to Ir substi-
better quality than when the materials were prepared by di-tutions, as indicated in the inset of Fig. 1. The six-fold coor-
rect solid state synthesis of all ingredients. dinated 15 and Ir™ (0.57 and 0.62%\, respectively) have
Ground samples were analyzed by X-ray powder diffrac- ionic radii values very close to the Rtiand Ru* (0.565
tion (XRD) measurements at room temperature using @uK and 0.62A, respectively), which suggests that Ir can sub-
radiation in the 20< 26 < 80° interval with a 0.08 (20) stitute for Ru in the Ru-1212 structure with no appreciable
step size. changes of the lattice parameters. [20]
Magnetization M(T) measurements were performed us-  Since the partial substitution of1?/+4 for Ru*%/+4 is
ing a SQUID magnetometer from Quantum Design. The not accompanied by any significant change in lattice param-
values of M(T) in the remanent field of the superconduct- eters, it can be seen as a dilution of the Ru magnetic sublat-
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tice. Its implications on both magnetic and transport proper-
ties of the Ru-1212 magnetic superconductors are discusse
below.

The effect of Ir substitutions on the temperature depen-
dence of the electrical resistivip(T) is displayed in Fig. 2.
The p(T) data show that the electrical resistivigfT) close
to the onset of the critical temperaturg Jfs.: ~ 50 K is
~ 10 mf2cm, a value within the range of other reported val-
ues for the pristine compound. [11-13] In addition, the com-
monly observed upturn ip(T) close to T onset is hardly
seen in lightly doped samples, which attests to the high qual-
ity of the samples. However, an upturn in the x = 0.1 sam-
ple close to T ,nser iS quite noticeable. Also, the lightly
Ir-doped materials have loweXT) values and a more pro-
nounced metallic behavior, as gauged by the valueg/ofld
in the normal phase. The Ru substitution by Ir results in a
decrease of I,,sc: from ~ 50 K (z = 0) to~ 30 K (z =
0.10). Further addition of Ira( > 0.10) causes an evolution
from metallic to non-metallic behavior gf(T). However,
the SC transition widtlAT,. was found to decrease with Ir
addition fromAT, ~ 17 K for the pristine compound te
11 K for thez = 0.10 sample. The onset of magnetic order-
ing is accompanied by a subtle drop 4(T) close to Ty,
probably due to the suppression of the spin-flip scattering.
This discontinuity can be determined from the maximum in
the dv(T, H = 0)/dT curves of the studied compounds, close
to the magnetic ordering temperaturg; {see inset of Fig.

2).
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Using the magnetoresistivity data, we estimated the

OHCQ,T phase diagram of the Ir substituted Ru-1212 com:-

pounds (Fig. 3), by considering the samg,[.. for all

H, and by taking the 50% drop o{T) as the criteria for the
H.. determination. The obtained results are shown in Fig
3, which also exhibits the H vs T data for the Ru-1222 for
comparison. [22] The Ru,Ir,SrGdCu,Og curves show
the same behavior with a steeper increase at low T in san
ples with high Ir content.
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Figure 3. Temperature dependence of the upper critical field o
the magnetic superconductor Ry Ir,Sr,GdCwOs (x =0, 0.02,
0.05, and 0.10) and Ru-1222 polycrystalline samples. [22] The
solid lines are guides to the eye.

The observed features in th€T) data correlate well
with the magnetization data. The temperature dependenc
of the magnetization taken in the remanent field of the su
perconducting magnet, which is of the order of 1 Oe, is dis-
played in Fig. 4. The first point to be discussed here is
the low temperature M(T) data. An offset in the diamag-
netic transitions due to SC between the cooling and warming
curves is clearly observed in samples witk< 0.10, while
no diamagnetic values were found in samples of higher I
content. Magnetization curves with applied magnetic field
H =5 Oe (not shown) were taken and revealed that the dia
magnetic transition was suppressed in these fields. Eve
though such a small magnetic field can hinder the Meissne
effect, the zero-resistance state is attained for applied mag
netic fields H up to 18 T (see Fig. 2). Various reported mag-

Figure 2. Temperature dependence of the electrical resistivity for Netization curves of the Ru-based superconductors show tf

Ru; —,Ir;SKrGACwOs (Ir x = 0, 0.02, and 0.10) polycrystalline

absence of the Meissner effect. These observations are co

samples in applied magnetic fields H = 0, 1, and 18 T. The inset sistent with the proposed spontaneous vortex phase (SVI

shows the derivatives of th€T) curves near Tfor H = 0.

model, in which the magnetic moment of the Ruldyers
generates an internal magnetic field that exceeds [9]

The magnetoresistivity measurements revealed that allThe ac magnetic suscpetibility data at higher temperatures

studied samples attained the zero-resistance state-& K

up to the highest applied magnetic field of H = 18 T. From
these curves one observes that the temperatuge,.J, in
which p(T) ~ 0 decreases rapidly for low applied magnetic
fields (H< 2 T) and much more slowly thereafter £ H

< 18 T). The appreciable broadening i) curves at low

reveal that magnetic ordering develops at & 130 K, as
inferred from a peak in the in-phase componeni@f(T)
data. The inset of Fig. 4 shows the in-phagg(T) com-
ponent of the Ir-substituted samples. The magnitude of th
magnetic moment decreases with the substitution of Ru, an
the temperature J; decreases linearly at a rate ©f-1.60

magnetic fields resembles features of granular superconducK / Ir-at.%. This indicates that Ir is substituting at the Ru

tors, as for example in Sm;Cey 15CuUO;_,,. [21]

site. The positive upturn in the M(T) below 15 K in the
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