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Abstract
We report structural, electrical, thermopower and magnetic properties of the
Ru1−xCox Sr2Eu1.5Ce0.5Cu2O10−δ (1.0 � x � 0.0) system. Substitution of
Co at the Ru site in the Ru1−x Cox Sr2Eu1.5Ce0.5Cu2O10−δ system takes place
iso-structurally in the tetragonal structure (space group I 4/mmm) with full
solubility (x = 1.0). Superconductivity (SC) exists for x up to x = 0.075
only and at higher Co concentrations SC is totally suppressed. The magnetic
behaviour of the materials with Co up to x = 0.2 preserves the magnetic
structure of the parent RuSr2Eu1.5Ce0.5Cu2O10−δ compound. For 0.8 � x � 0.2
an antiferromagnetic-like transition is seen at TN = 31 K, which remains
invariant regardless of the Co content. CoSr2Eu1.5Ce0.5Cu2O10−δ (x = 1) seems
to be an itinerant magnet, which orders magnetically at around 110 K, though
for such an assertion further work is warranted. In general, the magnetization
measurements as such did not reveal the complete information on the magnetic
structure and hence the neutron scattering measurements are still required to
resolve the complex magnetism of Ru1−xCox Sr2Eu1.5Ce0.5Cu2O10−δ and even
the pristine system.

1. Introduction

Genuine coexistence of superconductivity (SC) and magnetism in so-called rutheno-
cuprates had been a point of debate for several years. The magneto-superconducting
RuSr2R2−xCex Cu2O10−δ (R = Eu and Gd, Ru-1222) system was the first system in which
bulk SC (Tc) in the CuO2 planes and weak ferromagnetism (W-FM, TM ) in the Ru sublattice
was found to coexist [1]. More recently, the second magneto-superconducting RuSr2RCu2O8
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(Ru-1212) system was discovered, which basically shows similar TM and Tc values [2].
Both Ru-1222 and Ru-1212 phases are structurally related to the popularly known Y:123
(YBa2Cu3O7−δ) or Cu-1212, e.g. CuBa2YCu2O7−δ phase with Cu in the charge reservoir
replaced by Ru such that the Cu–O chain is replaced by a RuO2 sheet. In the Ru-1222 structure,
a three-layer fluorite-type block instead of a single oxygen-free Y layer is inserted between the
two CuO2 planes of the Cu-1212 structure [3–5]. In both systems, the SC charge carriers
originate from the CuO2 planes and the magnetic state is confined to the RuO2 layers. The hole
doping of the CuO2 planes, which results in metallic behaviour and SC, can be optimized with
appropriate variation of oxygen content or R/Ce ratio [3]. The magnetic order does not vanish
when SC sets in at Tc, but remains unchanged and coexists with the SC state. Specific heat
studies show a sizeable typical jump at Tc and the magnitude of the �C/T indicates clearly
the presence of bulk SC. The specific heat anomaly is independent of the applied magnetic
field [6]. Scanning tunnelling spectroscopy (STM/STS) [7], muon-spin rotation (μSR) [8] and
Raman [9] experiments have demonstrated that both SC and magnetic states coexist within the
same crystalline grain. SC survives (in both systems) because the Ru magnetic moments align
in the basal planes, which are practically decoupled from the CuO2 planes, so that there is no
pair breaking. Though the references mentioned above are mainly for the Ru-1222 system, the
same facts are in general true for the Ru-1212 system as well.

The exact nature of the magnetic structure of Ru-1222 is not yet known. However, the
accumulated results indicate that the dc magnetic features of the Ru-1222 system exhibit two
magnetic transitions at TM1 (around 80–90 K) and at TM2 (∼160 K). (i) For moderate applied
magnetic fields (H < 2–3 kOe), irreversibility in the zero-field-cooled (ZFC) and field-cooled
(FC) curves is observed at TM2. TM1 is defined as the merging temperature of the ZFC and FC
curves when measured at low fields (H = 10–20 Oe). The FC curves all show ferromagnetic-
like shape, whereas the dc ZFC curves (as well as the ac susceptibility plots) show a well
distinguished peak around TM1. For higher external fields (H > 5 kOe), both ZFC and
FC curves collapse to a single ferromagnetic-like behaviour. It is thus proposed that at TM1

weak ferromagnetism (W-FM) sets in, which originates from canting of the Ru moments.
This canting is a result of the tilting of the RuO6 octahedra away from the crystallographic
c axis [10]. In the M(H ) curves, relatively wide FM hysteresis loops are opened at low
temperatures (the coercive field—Hc ∼ 450–500 Oe at 5 K), which become narrow as the
temperature increases and practically disappears around 60–70 K. The FM-like hysteresis loops
obtained at low temperatures are also consistent with W-FM order in this region. (ii) Above
TM1, a second small peak is observed around 120 K in both dc and ac susceptibility curves and
small canted AFM-like hysteresis loops are observed [11]. The Hc(T ) curves show a peak with
a maximum around 120 K (Hc ∼ 150 Oe) and become zero at TM2 [12]. In the stoichiometric
RuEuCeSr2Cu2O10 (x = 1) compound none of these peaks are observed. In this region, at high
H , the Ru moments are realigned through a spin–flip process, to form the AFM-like shape
hysteresis loops.

One of the disputed questions is the origin of the higher magnetic transition at TM2, in
Ru-1222 materials, whether is it intrinsic or not [13]. The qualitative results are compatible
with two alternative scenarios. Our preferred scenario (A) assumes that this is an intrinsic
bulk property, and that the two magnetic transitions are connected to each other. The second
transition appears only for samples with less Ce4+ (x < 1) where the reduction of Ce content
is compensated for by depletion of oxygen, which is not homogeneous throughout the whole
material. Ru5+ ions are surrounded by less oxygen as first neighbours and hence reduced
to Ru4+. The Ru4+–Ru4+ exchange interactions are stronger than the Ru5+–Ru5+ ones and
hence have higher magnetic transition. A small fraction of nano-domain species inside the
crystal grains of Ru-1222 in which the Ru4+ concentration is high becomes AFM ordered at
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TM2 (∼160 K). This scenario is consistent with a quantitative XANES study which revealed
an average Ru valence value of 4.74 for as-prepared Ru-1222 material [14]. Qualitatively
speaking, the Ru-1222 system is quite similar to the Ru-1212 one, in which NMR experiments
suggest that the Ru ions may be in a mixed valence state with 40% Ru4+ (S = 1) and 60%
Ru5+ [15]. An alternative scenario assumes that in Ru-1222 (except for x = 1), due to oxygen
depletion, the reduction to Ru4+ leads to the presence of an extra impurity phase (about 5%,
undetected by XRD) of Sr–Cu–Ru–O3 phase, which orders at TM2. The exact composition of
this phase, in which Cu atoms distribute themselves inhomogeneously at the Ru or Sr sites, is
sample dependent, which is determined by the Ce and/or oxygen concentration as well as by
the preparation conditions. This extra phase also shows (a) the typical increase in Hc around
120 K [13]. It is worth noting that we stress the origins of TM1 (around 80–90 K) and TM2

(∼160 K) in Ru-1222 due to the fact that in many works this important reproducible aspect is
ignored. Both TM1 and TM2 should be taken into account with regard to the complex magnetism
of Ru-1222. Besides TM1 and TM2, also important is the second small peak above TM1, i.e.,
TM21 observed at around 120 K in both dc and ac susceptibility curves.

To investigate the relationship between SC and magnetism in Ru-1222, we have attempted
to replace Cu2+ by non-magnetic Zn2+ ions [7]. Similar to all other Zn doped high Tc materials,
tiny amounts of Zn are sufficient to suppress the SC state (Tc = 38 K) and the material
with 1.25 at.% of Zn is not SC down to 4.2 K. On the other hand, the magnetic state of the
Ru sublattice is not significantly affected by the presence or absence of the SC state. This
proves that the two states are practically decoupled [12]. We also studied the effect of non-
magnetic Sn4+ and Al3+ ion substitution for Ru5+, on both SC and magnetic states of Ru-
1222. It appears that about 7 at.% of Al ions are needed to destroy the SC state. Since such
substitutions dilute the magnetic RuO2 layers, it was shown that Al substitution (up to 10%)
shifts only TM2 to lower temperatures, but does not alter much TM1. On the other hand, the
substitution of 5% of Sn affects dramatically both TM1 and TM2, and shifts them to lower
temperatures [16].

Here we present the substitution effect of magnetic Co ions for Ru, on both SC and
magnetic properties of the Ru-1222 system. Ru-site Co substitution could be a right choice,
because both Ru-1222 and CoSr2Eu1.5Ce0.5Cu2O10−δ (Co-1222) [17] are iso-structural to
each other and therefore this permits a full substitution of Co for Ru. Note that in the
Ru1−xCox -1212 system Co substitution is reported up to 20% only [18]. It is shown that that
both the SC properties and the magnetic behaviour can be divided into three regimes. Our
resistivity and thermoelectric power (TEP) measurements indicate clearly that in the mixed
Ru1−xCoxSr2Eu1.5Ce0.5Cu2O10−δ system, SC decreases with Co and the full SC state (zero
resistance) is obtained only for x < 0.05. For 0.1 � x � 0.05, only the onset of the SC state
is observed, whereas for higher Co concentrations (x � 0.1) the materials are not SC; in this
sense this system behaves similarly to the non-magnetic Al doped Ru-1222 as described above.
Interestingly enough, the complicated magnetic features and the two magnetic transitions of
Ru-1222 described above persist up to x = 0.2 and both TM1 and TM2 do not alter much with
x . For higher x concentration up to x = 0.8, the materials are AFM ordered with a similar
TN ∼ 31–33 K value. The pure Co-1222 material probably orders magnetically below 140–
150 K and its magnetic behaviour is discussed.

2. Experimental details

The Ru1−xCoxSr2Eu1.5Ce0.5Cu2O10−δ (1.0 � x � 0.0) samples were synthesized through a
solid-state reaction route from stoichiometric amounts of RuO2, SrO2, Eu2O3, CeO2, CuO and
Co2O3; nearly the same heat treatments are followed as for Ru1−xMoxSr2Eu1.5Ce0.5Cu2O10−δ
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Figure 1. XRD patterns of the Ru1−x Cox Sr2Eu1.5Ce0.5Cu2O10−δ (0.2 � x � 0.0) system.

(preceding article). X-ray diffraction (XRD) measurements confirmed the purity of the
compounds. Within the instrumental accuracy, all the Ru1−x Cox Sr2Eu1.5Ce0.5Cu2O10 samples
have the same tetragonal structure (space group I 4/mmm). The dc magnetic measurements
were performed in a commercial (Quantum Design) superconducting quantum interference
device (SQUID) magnetometer. The ac susceptibility was measured at Hdc = 0 by a home
made probe inserted in the SQUID, with an excitation frequency of 733 Hz and amplitude of
120 mOe. Resistivity measurements were carried out by the conventional four-probe method.
Thermoelectric power measurements were carried out by the dc differential technique over a
temperature range of 5–300 K, using a home made set-up. A temperature gradient of ∼1 K was
maintained throughout the TEP measurements.

3. Results and discussion

3.1. X-ray diffraction

Figure 1 depicts the x-ray diffraction (XRD) patterns for Ru1−xCoxSr2Eu1.5Ce0.5Cu2O10−δ

(0.2 � x � 0.0). As mentioned above, the Co substitution for Ru in Ru-1212 is successful
within the same structural phase only until 20% [18]. In fact, full substitution of Co at
the Ru site in Ru-1212 results in a change of space group from P4/mmm to Ima2 due to
doubling of the unit cells arising from the superstructures [19]. In the case of Ru-1222, the
basic unit cell is already doubled, having space group I 4/mmm, and hence Co substitution
takes place iso-structurally within the same group with full solubility [17]. It is evident from
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this figure that all samples crystallize in a single phase with tetragonal structure (space group
I 4/mmm). Respective Miller indices are shown in the figure. It is to be noted that a few
unidentified lines are also seen in the x-ray diffraction pattern, namely at 2θ of nearly 28◦
and 58◦. Though we could not identify them, they are not from Ru-1212, SrRuO3 or another
possible culprit, RuSr2EuO6. Most probably they arise from the super-structures of the tilted
RuO6 octahedra of the system [10, 20]. Due to the similarity in the ionic radii of Ru5+ (0.71 Å)
and Co3+ in the low spin mode (0.69 Å), the lattice parameters of both end compounds are
quite similar: for RuEu1.5Ce0.5Sr2Cu2O10−δ a = 3.827(1) Å and c = 28.48(2) Å and for
CoEu1.5Ce0.5Sr2Cu2O10−δ a = 3.829(1) Å and c = 28.47(2) Å. This implies that (within the
instrumental accuracy) the lattice parameters of all mixed materials are independent of the Co
content. We can safely conclude at this point that, unlike the case for Ru-1212, in the Ru-1222
system the substitution of Co at the Ru site takes place iso-structurally in a single phase within
the accuracy of x-ray limits.

3.2. The superconducting state in Ru1−xCox Sr2Eu1.5Ce0.5Cu2O10−δ

All experiments including transport and magnetization measurements performed on the
Ru1−xCoxSr2Eu1.5Ce0.5Cu2O10−δ system indicate coexistence of SC and magnetism for
samples with Ru content (x < 0.1), while the materials with higher Co concentration are
magnetically ordered only. This will be shown in the next sections. In this respect this
system behaves very differently from the Ru1−x Mox Sr2Eu1.5Ce0.5Cu2O10−δ system [21], where
superconductivity is observed until x = 0.60.

The absolute thermopower S(T ) curves for Ru1−x CoxSr2Eu1.5Ce0.5Cu2O10−δ up to x =
0.2 are shown in figure 2. The positive S(T ) values over the entire range confirm that the
carriers are holes. The S(T ) curves show features at the onset of the SC defined as Tc. For
x = 0 and 0.025 the S(T ) curves exhibit a break in the slope at Tc = 37.5 and 29 K respectively
which are in good agreement with resistivity measurements presented in inset of figure 2. The
drop to zero at 27 and 20.5 K respectively is relatively broad, suggesting that the sample doping
may be inhomogeneous, leading to S(T ) = 0 at the percolation transition, that is complete at
27 and 20.5 K respectively. This general behaviour is reminiscent of an under-doped high
Tc cuprate system and is in general agreement with other reports on Ru-1222 [22–24]. For
x = 0.05 and 0.075 we obtain Tc = 22 and 20 K but no percolation transition is observed.
The materials with higher Co content are not SC. The S(T ) curves in figure 2 are quite linear
up to 90–100 K, indicating a very metallic-like behaviour, after which they begin to flatten.
There are no clear features at the magnetic transitions as determined by dc and ac susceptibility
measurements to be discussed in the next sections.

Resistivity versus temperature ρ(T ) measurements are performed at varying temperatures.
Generally speaking the materials are divided into three groups.

(i) The materials with x = 0 and x = 0.025 exhibit a slight semiconducting behaviour down
to 200 K and metallic character with a small positive slope below 200 K. Since the curves
of the field dependence of ρ(T ) for the pure x = 0 material have already been shown in
the past [22–25] and in a very recent report in [26], we present in figure 3 the data obtained
for the x = 0.025 material only. The Tc and T ρ=0

c (at H = 0) for both materials are
similar to the values deduced from TEP studies (figure 2): e.g. for x = 0.025, Tc = 30 K
and T ρ=0

c = 19 K. This sample exhibits a slight semiconducting behaviour above Tc. It is
readily observed that the broad SC transition occurs via two stages. The onset at Tc = 30 K
at which the grains become SC is not affected by H and little difference in Tc is observed
between 0 and 5 T. However, the step-like transition at 24 K (at zero field), which is due
to weak Josephson inter-grain coupling, does not change much up to 1 T, but is affected
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Figure 2. Thermopower plots of the Ru1−x Cox Sr2Eu1.5Ce0.5Cu2O10−δ (0.2 � x � 0.0) system;
the inset shows the normalized resistivity behaviour of the same.
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Figure 3. Plots of resistivity under various magnetic fields for the
Ru0.975Co0.025Sr2Eu1.5Ce0.5Cu2O10−δ system; the inset shows the onset of superconductiv-
ity for x = 0.05.

dramatically at higher applied fields. This is typical for granular superconductors with
weak inter-grain coupling in which the resistivity is governed mainly by the weak link
properties. The zero resistance temperature (T ρ=0

c ) decreases rapidly at low fields and
only slowly at high fields. Figure 3 shows that T ρ=0

c decreases to ∼6 K at H = 4 T but
does not reach zero (down to 2 K) under H = 8 T. The decrement rate of T ρ=0

c is nearly
3.2 K T−1 (2.5 K T−1 for x = 0), though it is not linear as is the case for any type II
superconductor.
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(ii) Samples with x = 0.05 and x = 0.075. Figure 3 (inset) depicts the ρ(T ) plot at H = 0
for the x = 0.05 compound. Here again, the curve exhibits a sharp drop at the onset
Tc = 20 K (10 K for x = 0.075) but does not become zero down to 2 K. The normal
state resistivity behaviour is purely semiconducting with no regions of metallic segments
in between. Unlike the case of group (i), Tc decreases monotonically with the applied
field, and no onset of SC is obtained for H higher than 4 T. This indicates the possible
SC/semi-conducting/SC stacking behaviour, which is the general trend that exists for most
highly under-doped/disordered HTSC compounds.

(iii) SC is totally suppressed for all samples with x � 0.1 which are highly semiconducting
down to 2 K. Please see the ρ(T ) curve for x = 0.10 in figure 6 (inset). Interestingly,
a small amount of magneto-resistance under 8 T (not shown) is observed for x = 0.1
and x = 0.2, which is probably the result of a magnetic phase separation occasionally
found in the ruthenates when changing the oxygen content and/or the disorder in RuO6

octahedra [25, 27, 28].

3.3. The magnetic state in Ru1−xCoxSr2Eu1.5Ce0.5Cu2O10−δ

The magnetic properties of the Ru1−x CoxSr2Eu1.5Ce0.5Cu2O10−δ can also be divided into three
regions.

(i) 0.2 � x � 0. The magnetic behaviour of all samples in this region is quite similar; it
means that the two magnetic transitions discussed above are present. Coexistence of SC
and magnetism appears for samples with high Ru content (x < 0.075), while the materials
with higher Co concentration are magnetically ordered only. Since the magnetization plots
for the pure x = 0 material have been presented and discussed in [26], figures 4 and 5
exhibit the dc ZFC and FC plots (measured at 4 Oe) and the real ac susceptibility curve
for the x = 0.025 material, which behaves similarly to the x = 0 sample. The negative
signals in both figures represent clearly the SC state of this material. On the other hand
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Figure 5. Real ac susceptibility plots for Ru0.975Co0.025Sr2Eu1.5Ce0.5Cu2O10−δ and
Ru0.90Co0.10Sr2Eu1.5Ce0.5Cu2O10−δ materials.

Figure 6. ZFC and FC branches measured at 4 Oe and the resistivity (inset) for the
Ru0.90Co0.10Sr2Eu1.5Ce0.5Cu2O10−δ sample.

the positive values of the ZFC as well as the ac curves for x = 0.1 and x = 0.2 samples
(figures 6, 7) indicate that the samples are not SC. This is in perfect agreement with the
TEP and resistivity data presented in figures 2 and 3 respectively. The main magnetic peak
position is shifted to lower temperatures with increasing x : TM1 = 89 K for x = 0 and
35 K for x = 0.2. On the other hand, TM2 for all samples defined by the saturation moment
Msat (described below) does not alter much (TM2 ∼ 150–160 K). The clear second peak
around 125 K (TM21) for x = 0.025 remains practically unchanged up to x = 0.1. (For
x = 0.2 the second peak is visible but smeared.) The variations of TM1 and TM21, as well
as the Tc values of the SC materials as a function of Co concentration, are summarized
in figure 8. Note the different assignment of the x = 0 and 0.025 samples in which zero
resistance and S(T ) values were observed (figures 2 and 3).

8



J. Phys.: Condens. Matter 19 (2007) 026203 V P S Awana et al

0 25 50 75 100 125 150 175
0.0

0.5

1.0

1.5

2.0

χ'
 (

ar
b.

 u
ni

ts
) 

25 50 75 100
0

10

20

Ru
0.8

Co
0.2

Sr
2
Eu

1.5
Ce

0.5
Cu

2
O

10-δ

M
 (

em
u/

m
ol

-O
e)

T (K)

27K

T(K)

Figure 7. ZFC and FC branches measured at 4 Oe and the ac susceptibility (inset) for the
Ru0.80Co0.20Sr2Eu1.5Ce0.5Cu2O10−δ sample.

0.00 0.05 0.10 0.15 0.20

Ru
1-x

Co
x
Sr

2
Eu

1.5
Ce

0.5
Cu

2
O

10-δ

T
 (

K
)

0.0 0.1 0.2 0.3 0.4

0

50

100

T
 (

K
)

Co content (x)

T
C

SC

T
M1

T
M21

x

W-FM

0

40

80

120

-50

Figure 8. Phase diagram of the SC and the two magnetic states as functions of x for
Ru1−x Cox Sr2Eu1.5Ce0.5Cu2O10−δ; the samples with zero TEP and resistivity are marked in full
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The isothermal M(H ) for all samples has been measured at various temperatures. The
M(H ) curves are strongly dependent on the field (up to 2–3 kOe), until a common slope
is reached. At low applied fields, the M(H ) curve exhibits a typical ferromagnetic-like
hysteresis loop similar to that reported in [1, 3, 12, 16, 25, 26] and discussed in [26] for
pristine RuSr2Eu1.5Ce0.5Cu2O10−δ magneto-superconductor. At higher fields, an apparent
tendency toward saturation is obtained, without reaching full saturation even with 5 T
field at 5 K. The M(H ) curves can be described as M(H ) = Msat + χ H , where
Msat corresponds to the W-FM contribution of the Ru sublattice, and χ H is the linear
paramagnetic contribution of Eu, Co and Cu. A gradual linear decrease (at 5 K) of Msat

with x is obtained (from 0.62(1)μB for x = 0 to 0.11(1)μB for x = 0.2), indicating the
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dilution of the magnetic Ru5+ ions by Co ions. The temperature dependence of Msat for
all materials studied shows an FM type behaviour and becomes zero at TM2(Ru) = 150–
160 K(2), regardless of their Co concentration.
The more interesting effects to be seen are exhibited in figure 9. The relatively wide
FM hysteresis loops opened at low temperatures (Hc ∼ 400–450 Oe at 5 K) become
narrow as the temperature increases and practically disappear at 30 and 60 K for the high
Co concentration, respectively. However, at higher temperatures, small canted AFM-like
hysteresis loops are reopened for all samples [11, 29] and the Hc(T ) curves show a peak
with a maximum at 100 and 125 K respectively, and become zero at TM2. The shift in the
minimum position of Hc for the x = 0.2 material is consistent with the low TM1 position
shown in figure 7.
Without a detailed magnetic structure from neutron diffraction studies, it is difficult to
comment on the exact nature of the magnetic behaviour in this region. The small second
peak in the magnetization curves and the rise in Hc are not straightforward. However, our
conclusions are as follows. (i) We assume that the two phenomena are connected to each
other and have the same origin. (ii) Figure 9 shows that the SC material (x = 0.025)
and the non-SC one (x = 0.2) have basically the same TM2(Ru) and a similar Hc trend.
(iii) The magnetic structure of all samples is practically the same regardless of their Co
content.
Above TM2, the χ(T ) curves (measured at 10 kOe) for x = 0–0.075 and 0.2 have the
typical paramagnetic shape and adhere closely to the Curie–Weiss (CW) law: χ(T ) =
χ0+C/(T −θ), where χ0 is the temperature independent part of χ , C is the Curie constant
and θ is the CW temperature. Unexpectedly, the sample with x = 0.1 does not follow the
CW behaviour. Since the Eu3+, Cu2+ and Co ions all contribute to C and due to uncertainty
in the Ru ion valence, the net Ru contributions to χ(T ) were not calculated. On the other
hand, the θ values decrease with x , θ = 141 K for x = 0 and 78 K for x = 0.2 (figure 8
inset), in full agreement with the shift of TM1 (figure 8, main frame).

(ii) 0.8 � x � 0.4. Figure 10 shows that the magnetic behaviour of the samples with
high Co concentration is quite different. The temperature dependences of the magnetic
susceptibility in the ZFC and FC processes for x = 0.4 and 0.8 are shown in figure 10.
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Figure 10. ZFC and FC branches of dc magnetization for Ru0.60Co0.40Sr2Eu1.5Ce0.5Cu2O10−δ and
Ru0.20Co0.80Sr2Eu1.5Ce0.5Cu2O10−δ compounds.

A distinct peak at 31 K is observed in the ZFC branches and no other anomalies were
observed at higher temperatures. Therefore, we may assume that all three samples studied
(x = 0.4, 0.6 and 0.8) are AFM ordered with the same TN value. In the FC process
the external field causes the spins to cant slightly out of their original direction. This
canting abruptly aligns a component of the moment with the direction of the field and
the FC branch is obtained. The M(H ) curves at 5 K are linear up to 5 T and the
negative paramagnetic θ value obtained (−92 K for x = 0.4, figure 8 inset) supports
this determination. The x = 0.6 and 0.8 materials do not follow the CW behaviour.
Since the presumed TN does not change with Co, the question raised is which ions are
responsible for this magnetic anomaly. It is possible that, similar to the case of Fe in
CoSr2Eu1.5Ce0.5Cu2O10−δ [30], the Ru–Co sublattice is not magnetically ordered, and that
the magnetic anomalies in figure 10 are related to the Cu sites. Also, it was observed
earlier that for fully Co substituted samples a small fraction of the Co ions also reside
in the CuO2 planes [17]. The relatively low TN = 31 K in these materials is a result of
some frustration of the Cu moments by the presence of Co in the Cu sites. It is worth
mentioning here that the explanation provided above is purely an assumption, and neutron
scattering measurements at low temperatures are warranted to understand the complex
magnetic structure of these samples.

(iii) CoSr2Eu1.5Ce0.5Cu2O10−δ. The temperature dependence of the ZFC curve measured at
1 kOe for the x = 1 material is shown in figure 11. No difference between the ZFC and
FC branches is observed. Here, again, the isothermal M(H ) curve measured at 5 K is
linear up to 5 T and the high temperature range of the M/H curve does follow the CW
law. The nature of the shallow peak around 110 K does not shed light on the magnetic
behaviour of this compound.

Mössbauer spectroscopy studies (MS) of dilute 57Fe probes have proved to be a powerful
tool in the determination of the magnetic nature of the probe’s site location. When the host ions
become magnetically ordered, they produce an exchange field on the neighbouring Fe ions.
The 57Fe nuclei experience magnetic hyperfine fields, leading to sextets in the observed MS
spectra. For example, in Ru-1222, the dilute Fe successfully follows the Ru magnetization and

11
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Figure 11. ZFC and FC curves and the linear M(H ) plot at 5 K (inset) for the
CoSr2Eu1.5Ce0.5Cu2O10−δ sample.

well defined magnetic hyperfine fields are visible in the MS spectra up to TM2 [1]. In our recent
publication [30], using the MS technique, we have shown that Fe ions in Ru-1222 are found to
occupy predominantly the Ru (Co) sites, and the rest reside in the CuO2 planes.

MS on a Co-1222 sample containing ∼1% 57Fe was performed at 300 and 90 K using a
conventional constant acceleration drive and 50 mCi 57Co:Rh sources (spectra not shown).
The experimental spectra were analysed in terms of two sub-spectra, by a least square fit
procedure. The main information obtained at 300 K is the presence of two quadrupole
doublets corresponding to inequivalent Fe sites, which are immediately identified by their
hyperfine parameters. Since the crystal structures of Ru(Co)-1222 and YBCO are closely
related, we assign here the doublets according to the Fe-site assignment in YBCO [31]. It
is well accepted that in YBCO the Fe ions are found to occupy predominantly the Cu(1) site,
which is equivalent to the Co site in Co-1222. A similar behaviour is observed here. The
dominant doublet (69%), isomer shift (IS) 0.132 mm s−1 (relative to Fe metal) and quadrupole
splitting (1/2e2 Qq) = 1.44 mm s−1, corresponds to the Co site and the minor one (31%),
IS = 0.171 mm s−1 and 1/2e2 Qq = 0.62 mm s−1, corresponds to the Cu sites. At 90 K
(below the flat peak in figure 11), the major doublet is broadened, and our analysis indicates
clearly the presence of small magnetic hyperfine fields (10.9 kOe) at the Co site. The doublet
belongs to the Cu and is not affected by reducing the temperature. This may indicate that the
Co sublattice orders magnetically at 110 K. We speculate that the Co magnetic order has an
itinerant nature. The intriguing question arises as to why here the Co and not the Cu sublattice
is magnetic. More experiments are being carried on to clarify this point. Here again we would
like to mention that to understand the complex magnetism of Ru1−xCoxSr2Eu1.5Ce0.5Cu2O10−δ

system neutron scattering experiments are warranted.

4. Summary

Each of the two SC and magnetic states in Ru1−x CoxSr2Eu1.5Ce0.5Cu2O10−δ could be divided
into three parts. The onset of the SC transition decreases with x up to x = 0.075, but only the
samples with x = 0 and 0.025 show zero TEP and resistivity at low temperatures (figures 2, 3).
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For x > 0.075 SC is totally suppressed and the materials exhibit a semiconducting behaviour.
Hole density in the CuO2 planes, or deviation of the formal valence from Cu2+, is the primary
parameter, which governs TC in most HTSC compounds. It seems SC emerges only in a narrow
window of the carrier concentration. Also, Co in the doped Ru-1222 may reside partially in
both Ru and Cu sites in 1222 systems [17], thus not only it modifies the hole density and the
optimum charge carriers of the CuO2 planes but creates disorder in CuO2 planes and therefore
for higher concentration SC is suppressed. Both SC (which is confined to the Cu–O layers) and
magnetic states of the Ru(Co) sublattice, which coexist below Tc, appear practically decoupled
from each other. The detailed magnetic structure is not known yet.

For higher Co concentration up to x = 0.8, the complicated magnetic structure does not
exist. Rather a clear AFM transition at TN = 31 K (figure 10) is observed regardless of the
Co concentration. Thus it is assumed that this magnetic order is due to the Cu ions in the
CuO2 planes. The relative TN of this system, as compared to other M-1222 compounds [32], is
probably a result of frustration of the Cu moments. In the case of the CoSr2Eu1.5Ce0.5Cu2O10−δ

system, the susceptibility curve does not permit any easy determination of whether this
compound is magnetically ordered or not. However, MS measurements indicate that the Co
sublattice is probably magnetically ordered at 110 K. More experiments are needed to clarify
its nature.
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