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Abstract. The magnetic properties of the superconducting ruthenate-cuprate RuSr2Eu1.4Ce0.6Cu2O10−δ

(Ru-1222) have been studied by a scaling analysis of the dc magnetization and ac susceptibility measure-
ments. Non-linear M(H) curves reveal the presence of nano-size clusters with a net magnetic moment of
∼102 µB at 180 K, near the deviation from a Curie-Weiss behavior. On cooling, no scaling was observed
down to 90 K, discarding the possibility of magnetic phase separation of collinear ferromagnetic particles.
We explain this result in terms of a variable number of contributing particles, with a temperature depen-
dent net magnetic moment. For 70 K ≤ T ≤ 90 K the scaling plots evidence the emergence of a system of
non-interacting particles, which couple on further cooling. The observed cluster-glass features are preserved
down to the lowest measured temperature (10 K); no signature of long-range order was detected. The fre-
quency shift of the peak in the real part of the ac susceptibility does not follow the Vogel-Fulcher type
dependence, as previously reported. The puzzling temperature dependence of the coercive field, HC(T ), is
correlated with the changes in the scaling factors.

PACS. 74.25.Ha Magnetic properties – 74.70.Pq Ruthenates

1 Introduction

The magnetic structure of the ruthenate-cuprates
RuSr2RCu2O8 (Ru-1212) RuSr2(R,Ce)2Cu2O10−δ (Ru-
1222), where R = Gd or Eu, remains a topic of interest
and controversy. The details of the magnetic order are rel-
evant for the onset of the superconducting (SC) state and
to understand how these two cooperative phenomena ac-
commodate their respective order parameters in the cell
volume. Even in the relatively simpler case of Ru-1212, a
large discrepancy between different studies is found. Neu-
tron powder diffraction (NPD) measurements reveal an
antiferromagnetic (AFM)-like order with a negligible fer-
romagnetic (FM) moment [1], while magnetization curves,
M(H), and nuclear magnetic resonance (NMR) measure-
ments signal a large FM component [2].

The magnetic behavior of Ru-1222 is considerably
more complex. NPD studies have not yet provided a defini-
tive answer about the exact magnetic ordering of the Ru
moments. Although there is clear evidence of the relevant
role played by the crystalline structure in the magnetic
response [3], a full understanding of the interplay between
the structural features and magnetic order is far from be-
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ing achieved. Anomalous lattice expansion results [4] and
its subsequent retraction [5] added more confusion to this
field. Yet another puzzling result is the presence of two
magnetic transitions in the temperature dependence of the
magnetization, measured with low magnetic fields [6]. The
transition at a higher temperature, TM1, is much less in-
tense than that at TM2 < TM1. Different scenarios have
been proposed to interpret these transitions, each consis-
tent with its own experimental data, but a comprehen-
sive understanding requires a careful comparison of stud-
ies made by different groups. In the early works [7], it was
proposed that all Ru moments order antiferromagnetically
at TM1, while homogeneous weak-ferromagnetism sets in
at TM2, originating from canting of the Ru moments. This
canting is a result of the tilting of the RuO6 octahe-
dra away from the crystallographic c axis, inducing an
anti-symmetric exchange coupling of the Dzyaloshisnky-
Moriya type [8]. This interpretation is difficult to recon-
cile with recent 57Fe- and 119Sn-Mössbauer spectroscopy
measurements, which show the presence of two distinct
magnetic phases [9], as additionally supported by muon
spin rotation (µSR) studies [10]. On the other hand,
nonlinear M(H) curves at temperatures well above TM2

have been reported [11], and ascribed to magnetic phase
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separation of FM nanoclusters in an AFM matrix. Under
this approach, the emergence of these clusters is a conse-
quence of the competition between FM and AFM interac-
tions, providing a natural scenario for the coexistence of
superconductivity and ferromagnetism as spatially sepa-
rated phenomena. However, this gives no explanation for
i) the existence of a peak in the coercive field HC at
TM2 < T < TM1 [9]; ii) the exact nature of the mag-
netic transition at TM2, and iii) the shift in temperature of
the ac susceptibility peaks as the frequency of the driving
field is varied, a signature typical of a spin-glass (SG) [12].
It has been proposed that in Ru-1222 at sufficiently low
temperatures, below TM2, the SG phase evolves in to an
ordered weak ferromagnetic (WFM) state [12]. The “for-
tuitous” reduction to zero of HC in the vicinity of TM2 [9],
which is a relevant feature linking the magnetic response
above and below this temperature, has not yet been un-
derstood. The overall results and interpretations signal
that the interplay between magnetic frustration, cluster-
ing, and long-range canted order are still open issues in
Ru-1222.

In this paper we present a detailed investigation of the
magnetic response of RuSr2Eu1.4Ce0.6Cu2O10−δ, which
corresponds to the optimum Ce concentration for the
emergence of the SC state [7]. Our aim is focused on under-
standing some contradictory results previously reported,
and explain the puzzling temperature dependence of the
coercive field, HC(T ). A careful scaling analysis of the
magnetization curves M(H) in a wide temperature inter-
val is conducted. We show that neither magnetic phase
separation nor long-range magnetic order are established,
and that a cluster-glass state is preserved from TM2 down
to the lowest temperatures for the majority fraction of
the Ru moments (∼90%). At variance with previous re-
ports [14], we found that the proposed Vogel-Fulcher type
behavior for the frequency shift in the ac susceptibility χ́-
peak, is not actually accomplished. On the contrary, our
scaling plots evidence the non-interacting nature (with-
out hysteresis) of the cluster-glass state at TM2. The on-
set of inter-cluster coupling, revealed by the change in
a scaling factor, only occurs about 30 K below TM2, in
agreement with the re-opening of the hysteresis in the
M(H) curves. In addition, new features were observed
in the M(H) curves above TM2: the lack of scaling, an
increasing number of contributing nano-size particles on
cooling, and a narrow cluster size distribution. These re-
sults are ascribed to a minority fraction of Ru moments
in the neighborhood of oxygen vacancies.

2 Experimental

The RuSr2Eu1.4Ce0.6Cu2O10−δ sample was prepared fol-
lowing the standard solid-state reaction technique. Stoi-
chiometric amounts of Eu2O3, CeO2, SrCO3, RuO2, and
CuO were mixed, pressed into pellets, and preheated at
1000 ◦C for 24 hours at atmospheric pressure. The prod-
ucts were cooled, reground and sintered at 1050 ◦C for
50 hours in a slightly pressurized oxygen atmosphere
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Fig. 1. (Color online) Zero-field-cooled (ZFC) and field cooled
(FC) magnetization curves of RuSr2Eu1.4Ce0.6Cu2O10−δ , mea-
sured with H = 5 Oe. The arrows indicate the magnetic
transition at TM2 = 90 K, defined at the inflection point of
the FC curve, and the onset of the superconducting state at
TSC � 40 K. The inset shows the temperature dependence
of H/MF C , measured with H = 1 T. The temperature TM1

marks the onset of the deviation from a Curie-Weiss behavior.

(∼1.1 atm), and then furnace cooled to room tempera-
ture. The X-ray diffraction pattern corresponds to Ru-
1222, with no spurious lines observed. The calculated lat-
tice parameters of the tetragonal structure, a = 3.847(1) Å
and c = 28.53(1) Å, are in excellent agreement with pre-
viously published data [6]. The dc magnetization and ac
susceptibility measurements were performed in a Quan-
tum Design PPMS system. Low frequency ac suscepti-
bility, down to 0.01 Hz, was measured with a Cryogenic
SQUID magnetometer.

3 Results

The zero-field-cooled and field-cooled-magnetization,
MZFC and MFC , of the Ru-1222 sample is plotted in
Figure 1. A small peak is observed around 120 K, while
a much stronger rise in the curves appears at 90 K. A
signature of the SC transition is the change in slope at
TSC = 40 K. This is within the upper limit of the tran-
sition temperatures reported for Ru-1222, TSC � 32–
45 K [11,12,9], an indication of the good quality of our
sample. The inflection point of the MFC curve is taken as
the main magnetic transition, at TM2 = 90 K, also within
the reported range [6,7,9]. A plot of H/MFC vs. T , shown
in the inset of Figure 1, reveals a Curie-Weiss behavior
down to TM1 ∼ 230 K, followed by a downward devia-
tion on further cooling. No spurious contributions were
observed in comparison with previously reported data.

In Figure 2 it is readily observed that all M(H) curves
deviate from a linear behavior at temperatures well above
TM2, and remain unsaturated even for the highest field
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Fig. 2. (Color online) Magnetization vs. applied magnetic field
of RuSr2Eu1.4Ce0.6Cu2O10−δ , measured, from top to bottom,
at T = 120, 130, 140, 150, 160, 170, and 180 K. The solid
lines are a fit with a Langevin function plus a linear term
[see Eq. (1)]. The inset shows the low-field region of the vir-
gin M(H) curve (closed circles and continuous line) and the
hysteresis loop (closed triangle and dotted line), measured at
T = 60 K.

and lowest temperature measured, H = 9 T and T =
10 K. At T < TM2, the virgin branches stay outside the
hysteresis loop and exhibit an S -type dependence at low
fields (Fig. 2, inset); these features disappear above TM2.
For T > TM2, the virgin branches may be fitted as

χ0H + Msat

[
coth

(
µH

kBT

)
− kBT

µH

]
, (1)

which corresponds to a linear term plus a Langevin func-
tion, where µ is the magnetic moment of the assumed mag-
netic clusters, and Msat is the saturation magnetization
of this species. A Langevin function has been routinely
used when analyzing particle size distribution in granu-
lar magnets [15,16] and in manganites [17]. with results
which agree well with small-angle neutron scattering [18].
The fitting of the magnetization data with equation (1) is
very good over a wide temperature interval above TM2, as
shown in Figure 2 for selected temperatures. The deduced
parameters of the Langevin-type contribution show a very
interesting behavior, and are presented in Figure 3 along
with the HC(T ) dependence. The values extracted for µ
are of the order of several hundreds µB, even at temper-
atures as high as 180 K, much above TM2. When cooling
below TM1, µ rises up to ∼450 µB at T = 150 K, dimin-
ishes to about 250 µB at T = 125 K, remains around this
value down to 115 K, and then rapidly increases as TM2

is approached. The Msat values exhibit a monotonic in-
crease as the temperature decreases. Taking µ(Ru5+) ∼=
3 µB [11], Msat at T = 10 K is only of the order of
10% of the total magnetization expected for a collinear
FM alignment. Although no jumps were observed in Msat

at TM2, its temperature dependence rate increases by a
factor of two below this temperature. From the deduced
values of Msat and µ, the density of magnetic clusters
per unit volume, N , was determined, and also plotted in
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Fig. 3. (Color online) Temperature dependence of the moment
of the magnetic clusters µ, saturation magnetization Msat,
and density of magnetic clusters per unit volume N , all de-
duced from the fit of the virgin M(H) curves, and coercive
field HC(T ). The lines are a guide to the eyes.

Figure 3; a monotic increase on cooling is observed The
coercive field HC shows a maximum at 125–130 K, van-
ishes at TM2, and remains zero down to ∼70 K. On fur-
ther cooling, a reopening of the hysteresis loops occurs.
The fitting of the virgin M(H) branches with a single
Langevin function can not be made below TM2. However,
Msat can still be determined by fitting a straight line to
the high field section of the M(H) curves and subtract-
ing it from the experimental curves. Using this procedure,
the deduced Msat values for T > TM2 agree within 3–5%
with those obtained through the fitting of the Langevin
function. The evaluation of Msat for T < TM2 is neces-
sary to determine whether the magnetic response in that
temperature range follows the scaling laws predicted for
granular magnets. The linear term χ0 reproduces previ-
ous reports [6,13], showing a magnitude about a factor
of two larger (∼2 × 10−4 emu/cm3) than the contribu-
tions coming from the Van Vleck susceptibility of Eu3+

ions and the T independent component of the CuO2 lay-
ers (∼8×10−5 emu/cm3, Ref. [8]), even at T = 10 K, well
below TM2.

Nano-size particles with a net magnetic moment are
expected to show a scaling behavior of the reduced mag-
netization, M/Msat, with (MsatH)/T for non-interacting
particles, or with H/Msat for interacting and/or blocked
superparamagnetic clusters [15]. However, the M/Msat

curves do not scale with neither of the two mentioned
factors at T > TM2. An excellent scaling with (MsatH)/T
was obtained for T = 70, 80, and 90 K, as shown in Fig-
ure 4a, where the curves for T = 40 and 60 K are also
presented to evidence the continuous departure from this
scaling behavior on cooling. We recall that this is just the
temperature interval for which HC becomes zero. Interest-
ingly, as the temperature is decreased further, the M/Msat

curves begin to scale with the H/Msat factor, with an ex-
cellent agreement for temperatures below 70 K down to
10 K, as shown in Figure 4b; the curves for T = 90 and
100 K are included to illustrate the gradual approach to
this scaling law.
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Fig. 4. (Color online) Reduced magnetization of
RuSr2Eu1.4Ce0.6Cu2O10−δ at different temperatures (T <
100 K), plotted as a function of (MsatH)/T in (a), and
H/Msat in (b).

Figure 5 presents the temperature dependence of the
real part of the ac susceptibility χ′ measured with differ-
ent frequencies f of the driving field. As in the dc data, a
small and smooth peak around 120 K is observed, which
does not shift with frequency. The stronger peak, with a
maximum at Tf , corresponds to the magnetic transition
at TM2 (inflection point at 91.5 K). This peak shifts to
higher temperatures with decreasing intensity as the fre-
quency is increased (see inset of Fig. 5). This frequency re-
sponse, the S -type behavior observed in the virgin M(H)
branches, and the lack of saturation, are clear signatures
of the emergence of a SG state, in agreement with pre-
vious results [12,14]. In Figure 6 we show a logarithmic
plot of f vs. 1/Tf . The data clearly follow a linear depen-
dence, which corresponds to an Arrhenius-type expression
f = f0 exp(−Ea/kBT ), where Ea is the activation energy
and f0 is the characteristic frequency. However, the phys-
ically unrealistic values obtained from the linear fitting,
f0 = 10130 Hz and Ea/kB = 2.4 × 104 K, indicate that
this result needs further consideration. For spin glasses,
and also for some paramagnetic systems, deviations from
physically acceptable Arrhenius parameters due to cou-
pling between the particles has been treated with a Vogel-
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Fig. 5. (Color online) Temperature dependence of the real
part of the ac susceptibility, χ′, measured at various frequencies
with a driving field hac = 10 Oe. The inset shows an enlarged
region of the same data.
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Fig. 6. (Color online) Logarithmic plot of the driving field fre-
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solid straight line is an Arrhenius-type fit. The inset shows the
variation of 1/ ln[(2πf/f0)]

−1 with the freezing temperature
Tf , using f0 = 1012 Hz. The dashed line is a guide to the eyes.

Fulcher law [19], expressed by

f = f0 exp−
[

Ea

kB (T − T0)

]
(2)

where T0 is a phenomenological parameter which de-
scribes the inter-particle interactions. Equation (2) im-
plies a linear dependence of 1/ ln[(2πf/f0)]−1 with the
freezing temperature Tf . Looking for a better understand-
ing of the frequency response of the ac susceptibility,
the 1/ ln[(2πf/f0)]−1 vs. Tf data were plotted keeping
f0 = 1012 Hz as a constant value, which is inside the com-
monly accepted 1011–1013 Hz interval. As shown in the
inset of Figure 6, a clear deviation from linearity was ob-
tained. Similar results were obtained with f0 = 1011 and
1013 Hz.
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4 Discussion

Let us first consider the magnetization measurements
above TM2. The large value of µ and its slow decrease
with T far above TM2 is very different from the µ(T ) be-
havior for critical fluctuations [20]. Such large µ could be
understood on the basis of cluster formation or a strong
short-range spin-spin correlation within a coherence vol-
ume, as for a cluster-glass state. Nevertheless, the absence
of characteristic features of a SG-state for T > TM2 ex-
cludes this possibility. The small and T dependent Msat

values suggest either a homogeneous canted AFM ground
state or phase separation, which implies that only a frac-
tion of Ru spins are gradually ferromagnetically aligned.
However, a large canting angle is required in the former
case (≈20◦) to account for the measured magnetization.
Such value is rather unusual in canted AFM structures
and agrees with calculations for Ru-1212 [13]. Therefore,
the simplest acceptable scenario is the formation of mag-
netic clusters. Under this assumption, it is expected that
the M/Msat curves must scale with the appropriate fac-
tors [15]. From the deduced values of N , the volume frac-
tion, VF = NVC , was determined, where VC is the average
volume of the clusters, assumed spherical. For instance, at
T = 120 K, N = 2.2× 1018 cm−3, and RC = 24 Å, where
RC is the average radio of the clusters calculated from the
µ values. These results yield a volume fraction VF of only
∼12%, indicating a dilute system of magnetic particles.
However, M/Msat does not show the expected scaling with
(MsatH)/T above TM2, as expected for non-interacting
FM nano-particles. This result is not due to an intercluster
coupling, as revealed by the lack of scaling with H/Msat.
Since the change from one type of scaling to another is not
a sharp transition in granular magnets [15], in principle an
intermediary situation is possible. However, the evolution
of the scaling features with the decrease in temperature
down to 10 K, and the correlation observed between HC

and µ on cooling (as discussed below), clearly evidence
that the lack of any scaling behavior for M/Msat above
TM2 is not due to a weak interaction between collinear
FM clusters, but related to a more complex nature of the
cluster system. We note that the calculated volume frac-
tion of ∼12% at T = 120 K is in excellent agreement with
the minority magnetic fraction determined through 57Fe-
and 119Sn-Mössbauer spectroscopy measurements (∼10%)
at this temperature [9] and by muon spin rotation sig-
nals [10]. The latter shows that ∼15(5)% of the sample
volume orders magnetically at TM2 < T < TM1.

It has been suggested that the presence of clusters
above TM2 is a consequence of local deviations of oxy-
gen stoichiometry in single-phase Ru-1222, even in well
oxygenated samples [21]. They propose the reduction of a
fraction of Ru5+ ions to Ru4+ close to the oxygen vacan-
cies and a stronger Ru4+- Ru4+ super-exchange interac-
tion in comparison to Ru5+- Ru5+. We shall re-examine
these ideas based on the new results obtained from the
M(H) curves above TM2: the lack of scaling behavior, and
the fact that the number of contributing particles rises on
cooling. In addition, the good fits obtained using a single
Langevin function must be explained. The lack of scaling

above TM2 can be understood as a consequence of the com-
petition between FM and AFM interactions, confined to
the Ru4+-rich nano-islands surrounding the oxygen vacan-
cies. This yields a local non-collinear arrangement of the
magnetic moments, with a temperature dependent cant-
ing angle. When cooling from room temperature, the net
magnetic moment increases, reaching µ ∼ 450 µB at
150 K, and a FM-like hysteresis loop appears due to a
spin-flop realignment of the Ru moments as the magnetic
field is increased (see Fig. 3). On further cooling, the in-
crease of HC and the decrease of µ indicate that the AFM
interaction between the spins gradually strengthens, un-
til their respective maximum and minimum are reached
about 125 K. Once the intracluster canted AFM order is
well established, in the vicinity of 125 K, there is no fur-
ther reduction in µ associated to a progressive anti-parallel
alignment. The magnetic moment of the clusters remains
almost constant, µ ∼ 250 µB, in a narrow temperature
range down to 115 K. At T = 100–110 K an increase in
µ is observed, suggesting the growth of the clusters. The
simultaneous decrease of HC seems to confirm this idea, if
the clusters are now so large that they are no longer single-
domain particles. However, even with an increase in µ up
to ∼1000 µB at 100 K the size of the clusters remain at
a nanometric scale (RC ∼ 40 Å), so the reduction in HC

is not due to a rapid growth of the particles. Instead, the
temperature dependence of µ and HC is related to the
onset of the smooth transition of the majority fraction at
TM2 towards a new magnetic state, as discussed below.

The small peak in M(T ) at �120 K (Fig. 1) agrees with
the behavior of HC and µ. The fact that the rise in M(T )
on cooling does not level off, but instead it is followed by
a decrease, supports the idea of a gradual strengthening
of the AFM intracluster interaction. Therefore, the emer-
gence of clusters is the source of both the deviation of the
Curie-Weiss behavior at TM1 ∼ 230 K (measured with
H = 1 T) and the small peak in M(T ) detected ∼100 K
below (measured with H = 5 Oe). The difference in tem-
perature is due to the very smooth rise in M(T ) associated
to the continuous increase of N and µ on cooling, and the
different applied fields used in the measurements.

The variable density of clusters is related to the degree
of oxygen depletion and the spatial distribution of the va-
cancies, determining the number of Ru4+ ions per cluster
and the topological arrangement of the short Ru4+–O–
Ru4+ confined chains. On cooling, the emergence of a net
magnetic moment and the onset of the canted AFM in-
tracluster order gradually occur at different temperatures
in the oxygen depleted regions. Therefore, the number of
contributing particles to the magnetization in the virgin
M(H) branch rises for lower temperatures. This is the
source of the smooth departure from the Curie-Weiss be-
havior observed below 230 K (see inset of Fig. 1), identified
in the early works [11] as the higher magnetic transition
temperature TM1. The local character of the oxygen de-
pleted regions, with no long-range chains of oxygen va-
cancies across the sample, stops the growth of the clusters
beyond the immediate neighborhood around the oxygen
vacancies. This assumption agrees with the good fit of
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the M(H) curves above TM2 with a single Langevin func-
tion, which indicates a narrow cluster size distribution.
The lack of scaling observed for M/Msat above TM2 is
due to the complex nature of the cluster system, with a
variable density of particles and a temperature dependent
net magnetic moment. We note, however, that it does not
explain why the hysteresis in the M(H) loops, with an
onset at TM1, do not remain all the way down to low tem-
peratures with an increasing (or at least constant) HC .
We will return to this point later.

The small volume fraction of the minority contribution
and its nanometric size may cast some doubts whether it
effectively comes from the Ru-1222 compound, or else due
to a spurious phase undetected by the X-ray diffraction.
However, the increase in the number of clusters with the
decrease in temperature, as evidenced by our results, is
difficult to be accounted by an impurity phase approach.
Although it has been shown recently [21] that in the mixed
Sr-Cu-Ru-O system a peak in HC(T ) is obtained around
120 K, the magnitude of this peak strongly decreases with
small variations in the Cu content around 10 at.% while
the HC values monotonically increase on cooling.

Let us now address the magnetic response below TM2,
for which a SG behavior was previously observed [12].
In this temperature region it is not possible to achieve
good fits of the experimental M(H) virgin branches with
a single Langevin function, evidencing a distribution of
SG-cluster sizes. In order to assess the average magnetic
moment per cluster a superposition of Langevin functions
with proper weights may be used [22,23]. The fitting of the
virgin M(H) branch at T = 80 K using three Langevin
functions (not shown) gives for the contribution with a
major weight a magnetic moment µ = 16 × 103 µB. This
represents one order of magnitude larger than the cluster
sizes deduced above TM2. The other relevant feature is the
excellent M/Msat scaling with (MsatH)/T at 70 K ≤ T ≤
90 K (Fig. 4a). This result evidences the non-interacting
character of the SG-clusters and is consistent with the van-
ishing of HC in the same temperature interval (see Fig. 3).
On cooling below 70 K, the change in the scaling factor
of the M/Msat curves, from (MsatH)/T to H/Msat, evi-
dences the transition to an interacting cluster-glass state,
also supported by the reopening of the hysteresis in the
M(H) curves. In a previous report [12], the re-appearance
of the hysteresis was interpreted as a signature of a spin
re-arrangement going from a disordered state (SG phase)
to a more ordered WFM state. We note that the H/Msat

scaling is excellent down to 10 K, showing that the cluster-
glass state is preserved down to the lowest temperatures;
the diamagnetic SC signal (TSC = 40 K) is small in com-
parison to the dominant SG contribution. Since the evolu-
tion to an interacting SG state occurs ∼30 K above TSC ,
a possible dipolar (AFM-like) coupling between the clus-
ters, which would diminish the intensity of the internal
magnetization at neighboring CuO2 planes, would favor
the onset of the SC state.

The dynamic response of the system is consistent with
the dc measurements. Since the χ́-peaks occur near to
T = 80 K (Fig. 5, inset), the failure of the Vogel-Fulcher

type dependence to explain the frequency dependence of
Tf is due to the non-interacting nature of the SG-cluster
state for 70 K ≤ T ≤ 90 K. The Vogel-Fulcher dependence
was claimed to describe well the shift in Tf [12], suggest-
ing the presence of magnetically interacting clusters at
TM2. However, a narrow frequency window of only three
decades was used, for which an apparently satisfactory fit-
ting can be achieved. Our measurements, with a frequency
range of six decades, evidence a smooth but clear deviation
from the Vogel-Fulcher dependence (see inset of Fig. 6).
The Arrhenius-type dependence, which describes a sys-
tem of non interacting particles with identical size, also
fails because of the distribution of SG-cluster sizes, lead-
ing to a spread of relaxation times and to a superposition
of frequencies responses [16,24]. Such size distribution is
revealed by the need to employ several Langevin functions
to fit the virgin M(H) branches below TM2.

In relation with the HC(T ) dependence, we note that
the Ru4+-rich nano-islands scenario is consistent with its
vanishing at TM2. Since at the borders of the oxygen
depleted regions there are Ru4+-O-Ru5+ super-exchange
interactions, the Ru4+-clusters associated to the lack of
stoichiometry become coupled to the rest of the Ru5+

moments as TM2 is approached, and absorbed into the
larger non-interacting SG-clusters, with an anhysteretic
magnetic response. The disappearance of a sizable coer-
civity of some tens of Oersted at TM2, which in the case of
a secondary impurity phase decoupled from the Ru5+ mo-
ments should be observable in a reversible SG background,
strongly indicates that the Ru4+clusters are actually in-
corporated into the Ru5+ SG ones. In a completely differ-
ent approach, it has been suggested that the vanishing of
HC may be related to disorder at the RuO2 layers induced
by oxygen vacancies [12]. However, Al-doping in Ru-1222
compounds [9], also promoting disorder at the magnetic
layers, do not induce any change in the HC(T ) dependence
in comparison to the parent compound.

Finally, in order to evidence the relevant role of the
crystalline structure in the magnetic response it is worth
comparing our results for Ru-1222 with a recent character-
ization of the Ru-1212 system [25]. Non-linear ac suscep-
tibility measurements in Ru-1212 reveals the presence of
a secondary magnetic structure just above the well known
AFM-like transition. The results are compatible with the
presence of FM nanoparticles. This assumption is con-
firmed by magnetization decay measurements, from which
the mean volume of these particles was determined. In Ru-
1222, the equilibrium between FM and AFM interactions
is different, not only due to a larger separation between the
RuO2 layers, but also because the super-exchange chains
are affected by the fact that the nearest-neighbor Ru ions
are not vertically aligned [26]. As a consequence, magnetic
frustration is enhanced, leading the observed cluster-glass
state at a temperature TM2, about 60 K lower than the
AFM-like long-range transition in Ru-1212. Frustration
also manifests itself in the size of the nanoclusters ob-
served above the majority fraction transition, being ap-
proximately one order of magnitude smaller for Ru-1222.
In both Ru-1212 and Ru-1222 systems the volume of the
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minority fraction depends on annealing conditions. How-
ever, in Ru-1222 the oxygen stoichiometry can be varied in
a wider interval, due to the presence of a R2O2 block [26],
which promotes clustering at TM1 � TM2. The large sep-
aration between these temperatures allowed our analysis
of the M(H) curves and the detailed characterization of
the nanoclusters.

5 Conclusions

A scaling analysis of the magnetization yield a new in-
sight about the nature of the magnetic state in Ru-1222,
discarding on a quantitative basis the homogeneous multi-
transitional model and the magnetic phase separation ap-
proach. The clear identification of the different magnetic
species, all intrinsic to an optimum doped Ru-1222 sam-
ple, allowed us to reconcile previous contradictory results.
The determined scaling factors and the change on cool-
ing consistently account for the dynamic response and the
temperature dependence of the coercive field. Magnetic
frustration is a key point to understand the complex na-
ture of nano-size clustering at high temperatures and the
absence of long-range magnetic order at the lowest tem-
peratures.
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