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The RuSr2Gd1.5Ce0.5Cu2O10−d (Ru-1222) compounds, with varying oxygen content, crystallize in a tetrag-
onal crystal structure(space groupI4/mmm). ResistancesRd versus temperaturesTd measurements show that
the air-annealed samples exhibit superconductivity with superconduting transition temperaturesTcd onset at
around 32 K andR=0 at 3.5 K. On the other hand, the N2-annealed sample is semiconducting down to 2 K.
Magneto-transport measurements on an air-annealed sample in applied magnetic fields of 3 and 6 T(Tesla)
show a decrease in bothTc onset andTR=0. Magnetoresistance of up to 20% is observed in the N2-annealed
sample at 2 K and 3 T applied field. The dc magnetization data(M vs T) reveal magnetic transitionssTmagd at
100 K and 106 K, respectively, for both air- and N2-annealed samples. Ferromagnetic components in the
magnetization are observed for both samples at 5 K and 20 K. The superconducting transition temperaturesTcd
seems to compete with the magnetic transition temperaturesTmagd. Our results suggest that the magnetic
ordering temperaturesTmagd of Ru moments in RuO6 octahedra may have direct influence/connection with the
appearance of superconductivity in Cu-O2 planes of Ru-1222 compounds.
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I. INTRODUCTION

Recent discovery of the coexistence of magnetism and
superconductivity in Ru-1222sRuSr2sGd,Ced2Cu2O10−dd1,2

and Ru-1212sRuSr2GdCu2O8−dd3–6 ruthenocuprates com-
pounds has attracted a great deal of attention. Both Ru
-1212 and Ru-1222 compounds are related with the Cu
-1212sCuBa2RECu2O7 or RE-123, RE=rare earths) com-
pounds with Ba in the latter replaced by Sr and oxygen de-
ficient CuO1−d chains replaced by RuO6 octahedra. Further,
the oxygen free RE layer between CuO2 planes in Cu-1212 is
replaced by a rocksalt O-sGd,Ced-O block in the Ru-1222
structure. Synthesis of both Ru-1212 and Ru-1222 com-
pounds in pure phase has been a problem due to the forma-
tion of magnetic SrRuO3 and Gd2SrRuO6 in the matrix.1–6

By now, it is widely accepted1,2,4–7 that the Ru moments
in RuO6 octahedra of Ru-1212 and Ru-1222 order magneti-
cally around 100–140 KsTmagd, though the exact nature of
ordering is still debated.8–10 Further, superconductivity asso-
ciated with the CuO2 planes with transition temperaturesTcd
of up to 40 K1–10 is observed in these compounds. Coexist-
ence of superconductivity and magnetism in these com-
pounds has been indirectly proved by nuclear magnetic reso-
nance(NMR) experiments.11 At the same time, it is worth
mentioning that there exist some reports, which are against
the genuine coexistence of superconductivity with magne-
tism in these compounds.12,13

Both the magnetic ordering temperaturesTmagd of the Ru
moments and the superconductivitysTcd of the CuO2 planes
are expected to be controlled by the extent of Ru4+/Ru5+

ratio in RuO6 octahedra. The controlling ofTmag is due to the
mixed Ru4+/Ru5+ ratio and that of theTc is due to the doping
of CuO2 superconducting planes by charge transfer from

RuO6 octahedra. The oxygen content of RuO6 octahedra or
the ratio of Ru4+/Ru5+ can be controlled to some extent in
Ru-1222, but not in Ru-1212.14 Therefore, it is of prime
interest to vary the oxygen content of RuO6 octahedra, and
study its effect on theTmagandTc of the Ru-1222 compound.
This is the aim of our present work. We have been successful
in controlling theTc of the Ru-1222 compound from 3.5 K
to non-superconducting state within the same crystallo-
graphic phase. This provided us with an opportunity to com-
pare theTc and Tmag of Ru-1222. Our results indicate that
both Tc andTmag compete with each other.

II. EXPERMENTAL DETAILS

The RuSr2Gd1.5Ce0.5Cu2O10−dsRu-1222d samples were
synthesized through a solid-state reaction route from RuO2,
SrCO3, Gd2O3, CeO2, and CuO. Calcinations were carried
out on the mixed powder at 1000, 1020, 1040, and 1050°C
each for 24 h with intermediate grindings. The pressed cir-
cular pellets were annealed in air for over 48 h at 1050°C
(named “air-annealed”). One of the air-annealed pellets was
further annealed in nitrogen gass1 atmd at 420°C for 24 h
and subsequently cooled slowly to room temperature(named
“N 2-annealed”). X-ray diffraction (XRD) patterns were ob-
tained at room temperature[MAC Science: MXP18VAHF;
CuKa radiation]. Magnetization measurements were per-
formed on a SQUID magnetometer(Quantum Design:
MPMS-5S). Resistivity measurements under applied mag-
netic fields of up to 9 T were made in the temperature range
of 2–300 K using a four-point-probe technique(PPMS,
Quantum Design).
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III. RESULTS AND DISCUSSION

A. X-ray diffraction and phase formation

Both air- and N2 annealed Ru-1222 compounds crystal-
lize in a tetragonal structure(space groupI4/mmm) with
a=b=3.8427s7d Å and c=28.4126s8d Å for the former and
a=b=3.8498s3d Å and c=28.4926s9d Å for the latter. The
increase in the lattice parameters of the N2-annealed sample
indicates an overall decrease in oxygen content of the
sample. X-ray diffraction patterns for both the air- and
N2-annealed samples are shown in Fig. 1. Small impurity
peaks(marked with “*”) are seen close to the background.
The presence of small amounts of SrRuO3 and/or
GdSr2RuO6 in Ru-1222 samples has been noted earlier
also.1,2,5 Our currently studied samples are, in fact, far better
in terms of their phase purity, compared to those reported
earlier by various authors. As mentioned earlier, Ru-1222 is
structurally related to the Cu-1212, e.g., CuBa2YCu2O7−d

phase with Cu in the charge reservoir in the latter replaced
by Ru such that the Cu-O chain is replaced by a RuO2 sheet.
Furthermore, a three-layer fluorite-type block, instead of a
single oxygen-freeR (R= rare earth element) layer, is in-
serted between the two CuO2 planes of the Cu-1212
structure15 to get the Ru-1222 phase.

B. Electrical transport under magnetic field and magnetism

The resistance versus temperaturesR-Td behavior of air-
annealed Ru-1222 sample in magnetic fields of 0 T, 3 T, and
6 T in the temperature range of 2–300 K is shown in Fig. 2.
The resistance of the compound increases with decrease in
temperature indicating its semiconducting behavior. How-
ever, in zero applied field, the compound shows a sharp drop
in its resistance at around 35 KsTc

onsetd with zero resistance
state occurring at 3.5 KTc

sR=0d. Rather broad superconducting
transition and the low value ofTc s3.5 Kd point towards low
carrier concentration in the air-annealed sample. It is well
known that superconducting properties of Ru-1222 can be

considerably improved by annealing in oxygen under
pressure.10,16 In fact, by annealing in 100-atm-O2, one can
achieve Tc of up to 40–45 K.10 By normal pressure
s1 atmd O2 annealing, theTc of the air-annealed sample
could not be increased significantly.

In applied magnetic fields of 3 and 6 T, though the nor-
mal state(aboveTc onset) resistance behavior of Ru-1222 is
essentially the same as in zero field, bothTc

onset and Tc
sR=0d

decrease with applied field. For example,Tc
onset is

32 K,27 K, and 15 K, respectively, for 0, 3, and 6 T applied
fields andTc

sR=0d state is not observed under these applied
magnetic fields. Magnetoresistance(MR) defined as

MR % = fsRH − R0d/RHg 3 100 s1d

is plotted in inset of Fig. 2. Though the observed MR% is
small, it changes sign at around 180 K being positive above
180 K and negative below 180 K. The sign change of MR at
180 K might be related to the magnetic structure transforma-
tion at the said temperature. We shall discuss this later after
presenting magnetization results.

Figure 3 depicts the resistance versus temperature(R-T)
behavior for the N2-annealed Ru-1222 sample in magnetic
fields of 0, 3, and 6 T. TheR-T behavior of this compound is
semiconducting down to 2 K. No superconducting transition
is observed in the whole temperature range studied
s2–300 Kd. Further, in the low temperature region, an appre-
ciable MR is seen in this sample. Magnetoresistance, as a
function of applied field, at temperatures of 5 and 10 K, is
plotted in the inset of Fig. 3. MR of.20% is observed at
5 K in an applied field of up to 9 T. At 2 K, around 20% MR
is seen even in low applied field of 3 T(plot not shown).

Figure 4 shows the magnetic susceptibilitysxd vs tem-
perature(T) behavior in the temperature range of 2–300 K
for an air-annealed Ru-1222 sample in an applied field of
100 Oe, measured in both zero-field-cooled(ZFC) and field-
cooled(FC) modes. Thex vs T plot shows the branching of

FIG. 1. Observed x-ray diffraction pattern for the air- and
N2-annealed RuSr2Gd1.5Ce0.5Cu2O10−d samples.

FIG. 2. Resistance(R) vs temperature(T) plots in 0, 3, and 6 T
applied magnetic fields for air-annealed RuSr2Gd1.5Ce0.5Cu2O10−d

sample. Inset shows the magnetoresistance(MR%) vs T plot for 6 T
applied field.
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ZFC and FC curves at around 95 K and the magnetic sus-
ceptibility starts shooting up at around 100 KsTmagd. In fact,
the susceptibility of the Ru-1222 compound starts deviating
from normal Curie-Weiss paramagnetic behavior at around
165–200 K. It has been reported that the Ru moments in
Ru-1222 order antiferromagnetically at around 180 K, which
later develops into a canted ferromagnetism at lower tem-
peraturessTmagd.1,2,6As mentioned earlier, the exact nature of
magnetic ordering in low temperature region is still debated.
The 180 K paramagnetic to antiferromagnetic transition
could be seen in magneto-transport measurements also,
where small positive MR changes to negative MR below this
temperature(inset, Fig. 2).

The characteristic temperatureTmag is weakly dependent
on an applied magnetic fieldH,100 Oe. ForH.1000 Oe,
both ZFC and FC magnetization curves are merged with
each other(see inset, Fig. 4). In fact, no ZFC-FC branching
is observed down to 2 K in the 5000 Oe field. This is in
general agreement with earlier reports.1,2 Superconductivity
is not seen in terms of diamagnetic transitionsTdd in an ap-
plied field of H=100 Oe(Fig. 4). It is known that, due to
internal magnetic fields, these compounds are in a spontane-
ous vortex phase(SVP) even in zero external field.17 For
Td,T,Tc, the compound remains in a mixed state. Hence
though R=0 is achieved at relatively higher temperatures
(3.5 K, see Fig. 2), the diamagnetic response is seen at much
lower temperatures and that too in quite small applied mag-
netic sHcl,25 Oed fields. Hence, we could conclude that the
magnetic susceptibilitysxd vs T behavior shown in Fig. 4
does not exclude the presence of superconductivity in the
presently studied air-annealed Ru-1222 sample. At lower ap-
plied field of 5 Oe, the compound exhibits a diamagnetic
transitionsTdd below theTc

sR=0d state(curve not shown).
The x-T behavior in the temperature range of 2–300 K

for the N2-annealed Ru-1222 sample in an applied field of
100 Oe, measured in both zero-field-cooled(ZFC) and field-
cooled(FC) modes, is shown in Fig. 5. The general shape of
FC and ZFC magnetization plots is similar to that for air-
annealed sample. The interesting change is thatTmag (defined
earlier) has increased to 106 K for the N2-annealed sample.
It is worth mentioning that the N2-annealed sample is not
superconducting down to 2 K(Fig. 3, R vs T results).

C. Ferromagnetic component

MagnetizationsMd vs applied field(H) isotherm at 5 K
for the air-annealed Ru-1222 sample is shown in Fig. 6. The
magnetization starts saturating above 6 T field in both direc-
tions. TheM-H plot is further zoomed in applied field of
−900 Oe to 900 Oe, and shown in the inset of Fig. 6. At 5 K,

FIG. 3. Resistance(R) vs temperature(T) plots in 0, 3, and 6 T
applied magnetic fields for N2-annealed RuSr2Gd1.5Ce0.5Cu2O10−d

sample. Inset shows the magnetoresistance(MR%) at 5 K in ap-
plied fields up to 9 T.

FIG. 4. Magnetic susceptibilitysxd vs temperature(T) plot for
air-annealed RuSr2Gd1.5Ce0.5Cu2O10−d in both ZFC and FC modes
with applied field of 100 Oe, inset shows the same forH
=5000 Oe.

FIG. 5. Magnetic susceptibilitysxd vs temperature(T) plot for
N2-annealed RuSr2Gd1.5Ce0.5Cu2O10−d in both ZFC and FC modes
with applied field of 100 Oe.
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the returning momentsMremd i.e., the value of magnetization
at zero returning field and the coercive fieldsHcd, i.e., the
value of applied returning field needed to get zero magneti-
zation, are, respectively, 2.50 emu/g and 160 Oe(inset Fig.
6). It is known that the Gd(magnetic rare earth) in this
compound orders magnetically below 2 K and Ce remains in
a tetravalent, nonmagnetic state, hence theMrem andHc aris-
ing from the ferromagnetic hysteresis loops do belong to Ru
only. Interestingly, for Ru-1222, the hysteresis loops are re-
ported to be quite narrow.4,5 This indicates that, in Ru-1222,
the ferromagnetic domains are less anisotropic and more
rigid. The M-H loop at 20 K for the air-annealed Ru-1222
sample is shown in Fig. 7, which shows a decreased
Mrems1 emu/gd andHcs75 Oed compared to the 5 K plot in
Fig. 6. The values of bothMrem and Hc decrease withT.

Hysteresis loops were not seen at higher temperatures above
Tmag. For example, theM-H plot at 150 K is seen as com-
pletely linear with field(Fig. 8), and no hysteresis loops were
visible even after zooming at low fields(inset of Fig. 8).

Figure 9 depicts theM-H plot at 5 K for the N2-annealed
Ru-1222 sample. This plot is similar to that observed for the
air-annealed Ru-1222 sample. The zoomed ferromagnetic
component is shown in the inset. The interesting difference,
when compared with air-annealed sample, is thatM does not
saturate in applied fields up to 7 T. This is in contrast to the
M-H plot for the air-annealed sample at 5 K for whichM
saturates in a field of 6 T(see Fig. 6). The M-H plot for
N2-annealed sample is further zoomed in applied field of
−900 Oe to 900 Oe, and shown in the inset of Fig. 9. A
ferromagnetic loop is seen clearly withMrem s2 emu/gd and

FIG. 6. Magnetization-field(M-H) hysteresis loop for air-
annealed RuSr2Gd1.5Ce0.5Cu2O10−d at 5 K. Inset shows the same
for −900 OeøHø +900 Oe.

FIG. 7. Magnetization-field(M-H) hysteresis loop for air-
annealed RuSr2Gd1.5Ce0.5Cu2O10−d at 20 K. Inset shows the same
for −900 OeøHø +900 Oe.

FIG. 8. Magnetization-field(M-H) hysteresis loop for air-
annealed RuSr2Gd1.5Ce0.5Cu2O10−d sample at 150. Inset shows the
same for −900 OeøHø +900 Oe.

FIG. 9. Magnetization-field (M-H) hysteresis loop for
N2-annealed RuSr2Gd1.5Ce0.5Cu2O10−d sample at 5 K. Inset shows
the same for −900 OeøHø +900 Oe.
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Hc s170 Oed. The M-H loop at 20 K for the N2-annealed
sample is shown in Fig. 10, which reveals decreased
Mrem s1 emu/gd and Hcs70 Oed. The trend ofMrem and Hc

for the N2-annealed sample is similar to that of an air-
annealed sample, i.e., both decrease with increase in tem-
perature. TheM-H loops were not seen aboveTmag for the
N2-annealed samples also.

The results presented above for both air- and N2-annealed
presently studied Ru-1222 samples may be summarized as
follows:

(1) Both air- and N2-annealed samples crystallize in a
single-phase tetragonal structure(space groupI4/mmm).

(2) The air-annealed sample is superconducting with
Tc

sR=0d of 3.5 K, while the N2-annealed is not superconduct-
ing down to 2 K. The N2-annealed sample exhibits negative
magnetoresistance of up to 20% at 5 K.

(3) Both air- and N2 -annealed samples order magneti-
cally, with Tmagof nearly 100 K for the former and 106 K for
the latter.

(4) Both air- and N2-annealed samples exhibit ferromag-
netic loops belowTmag. The relative width of loops is more
(higherMrem andHc) for the air-annealed sample compared
to that of the N2-annealed sample at a fixed temperature.

(5) For the air-annealed sample, theM-H behavior at 5 K
exhibits near saturation above 6 T. However, for the N2 an-
nealed sample,M is not saturated up to an applied field of
7 T.

We now discuss these results point by point. As far as the
phase formation and crystallization of the two Ru-1222
samples is concerned, it seems that there is some scope for
oxygen to get released from RuO6 octahedra while still
maintaining its crystal structure. In fact, another school of
thought also exists, which believes in the release of oxygen
from rocksalt O-sGd,Ced-O block and not from RuO6 in
Ru-1222. Recent spectroscopic studies on Ru-1222 do show
indications towards valence fluctuations of Ru4+/Ru5+ and
hence some variation in oxygen content of RuO6 octahedra.18

It has been reported earlier that the oxygen content of Ru-
1222 istunable to some extent by N2/Ar annealing but not
for Ru-1212.14 Thus it has been possible for us, in the
present study, to get both air- and N2-annealed Ru-1222
samples in the same crystal structure. Decreased oxygen
content of the N2-annealed sample is indicated by in-
creased c-parameter of the samplesthe exact oxygen con-
tent has not been determinedd.

As far as the second point is concerned, the air-annealed
sample is superconducting but the N2-annealed sample is
not. Further, the normal state conduction, though semicon-
ducting for both samples, is relatively better for the air-
annealed sample. This indicates that the air-annealed sample
has relatively more mobile hole-carriers than the
N2-annealed sample. The doping for mobile holes in widely
believed conducting/superconducting Cu-O2 planes in RE-
123 compounds takes place by charge transfer from oxy-
gen variable redox CuO1−d chains. In Ru−1222, therole of
the redox layer is supposedly played by RuO6 octahedra.
In the N2-annealed sample, the Ru4+/Ru5+ ratio will be
different than that in an air-annealed sample, and hence
the number of transferred mobile holes to Cu-O2 planes
will be different. As far as magneto-transport is con-
cerned, no appreciable MR is seen aboveTmag for both
samples. For the air-annealed superconducting sample, the
broadening of transition under field is seen and is similar
to that in other HTSC compounds. For the N2-annealed
sample, negative MR of around 20% is seen at 2 K. As we
know from present magnetization measurements and vari-
ous other earlier reports, that the low temperature magne-
tism of Ru-1222 is complex and calls for magnetic phase
separation including spin glass,10 canted antiferro-
magnetism,19 or both simultaneously. Though the mag-
netic structure of Ru-1222 is not yetrevealed by low tem-
perature neutron scattering measurements, one thing is ap-
parent that the compound possesses complex low
temperature magnetism. In such situations, appreciable
MR is expected due to tunnelling between various mag-
netic domains arising from the magnetically phase sepa-
rated system. The N2-annealed sample is highly under-
doped and hence one presumes that electrical transport
conduction is mainly through the RuO6 layer, where mag-
netic scattering does take place. The role of magnetic
charge spin scattering has earlier been observed in
Ru-1212, where Tmag is clearly seen as a hump in resistiv-
ity measurements.4,12 To our knowledge, this is the first
observation of finding appreciable negative MR at 2 K in
a non-superconducting Ru-1222 compound. This is in con-
formity with the earlier reports of magnetic phase separa-
tion at low temperature in Ru-1222.10,19

The third point is comprised of the fact that, for supercon-
ducting air-annealed sample,Tmag is 100 K while the same is
106 K for nonsuperconducting N2-annealed sample. As the
Tc (superconducting transition temperature) increases, the
Tmag (magnetic transition temperature of Ru) decreases. This
is further demonstrated by the fact that 100-atm-O2 postan-
nealed sample possessesTc of 43 K along with Tmag of
around 90 K.21 Tmag depends weakly on the measuring dc
magnetic field. Hence one should be careful in comparing
the Tmag and Tc of various Ru-1222 samples. Also, one

FIG. 10. Magnetization-field (M-H) hysteresis loop for
N2-annealed RuSr2Gd1.5Ce0.5Cu2O10−d sample at 20 K. Inset shows
the same for −900 OeøHø +900 Oe.
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should be reminded of the fact that the decreased number of
mobile carriers in Cu-O2 planes of the N2-annealed sample
along with other structural parameters may also be partly
responsible for the nonsuperconducting behavior. One cannot
explicitly say that increasedTmag is responsible for the de-
creased superconductivity of the system. What is apparent
though, is the possible competing nature ofTmag andTc.

As discussed in point(1) above, the Ru4+/Ru5+ ratio in
variously processed Ru-1222 samples is supposed to be
different. The amount of Ru4+ will be higher in the
N2-annealed sample.14,18Tmagoriginates from the ordering of
Ru moments in RuO6 octahedra. Changed amounts of
Ru4+/Ru5+ magnetic spin contribution is responsible for dif-
ferentTmag of the two compounds. A higher content of Ru4+

gives rise to increasedTmag.
The fourth point says that though both compounds have

ferromagnetic domains at low temperatures belowTmag, the
characteristic values ofMrem andHc are relatively higher for
the air-annealed sample. Our detailed microstructural studies
earlier for Ru-1222 showed that the observed superlattice
structures due to tilt of RuO6 octahedra20 might be coupled
with the weak ferromagnetic domains constructed by order-
ing of the canted Ru moments below the magnetic transition
temperaturesTmagd. Hence coupling of ferromagnetic do-
mains depends on the long-range ordering of tilted RuO6
octahedras in a given Ru-1222 system. In the N2-annealed
sample, the long-range superstructures may break down rela-
tively at smaller length scale than in an air-annealed sample
due to less oxygen in RuO6 octahedra of the same giving rise
to weak coupling of the ferromagnetic domains. This will
give rise to lower values ofMrem andHc. This also explains
the fifth point regarding the observed saturation of theM-H
curve for the air-annealed sample and not for the
N2-annealed sample. The saturation ofM-H is dependent on

the long range coupling of aligned ferromagnetic domains,
which is observed for the air-annealed sample only. Long
range coupling of aligned moments is directly dependent on
the stability of RuO6 octahedra tilt angle superstructures,
which is certainly less for the N2-annealed sample due to
break down in the homogenous oxygen content close to 6.0
in the octahedra. In earlier reports also, theM-H plots at 5 K
for superconducting Ru-1222 samples, saturated below an
applied field of 7 T.1,2,16,21

IV. SUMMARY AND CONCLUSIONS

The Ru-1222 ruthenocuprate compounds have been syn-
thesized with both magneto-superconducting(air-annealed)
and only magnetic(N2-annealed) properties. The same crys-
tal structure is maintained for both compounds. The Ru mag-
netic ordering temperaturesTmagd is higher for the non-
superconducting sample than for the superconducting
sample. M-H plots at 5 K saturate below 6 T applied field
for the superconducting sample, but not for the non-
superconducting sample. These results could be explained on
the basis of the presence of mixed valency of Ru4+/Ru5+ in
these compounds. It is apparent that magnetic order of Ru in
RuO6 octahedra and superconductivitysTcd in Cu-O2 planes
are intimately related with each other, indicating the coexist-
ence of magnetism and superconductivity in Ru-1222 com-
pounds.
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