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Abstract. We have performed an investigation of the nonlinear magnetic response in ruthenocuprates.
A negative, diverging-like peak at the main magnetic transition Tnx in RuSroRECu20s (RE = Gd, Y)
indicates a possible canted antiferromagnetic order. Another well defined feature above T points to a
blocking of superparamagnetic particles through the 772 dependence of the third harmonic at higher
temperatures. Below Ty a nondiverging peak appears, which is strongly affected by the addition of 10% of
Cu ions in the RuO2 planes. In RuSra RE2_,Ce, Cuz010 the main magnetic transition T is accompanied
by two characteristic temperatures in the third harmonic of the ac susceptibility, in agreement with recent
studies from pSR and Mossbauer spectroscopy. We find that the spin-spin correlation temperature is the

same in both families of ruthenocuprates.

PACS. 75.20.-g Diamagnetism, paramagnetism, and superparamagnetism — 75.30.Cr Saturation moments
and magnetic susceptibilities — 75.40.Gb Dynamic properties (dynamic susceptibility, spin waves, spin
diffusion, dynamic scaling, etc.) — 64.75.4+g Solubility, segregation, and mixing; phase separation

1 Introduction

A possibility of coexistence of superconducting and fer-
romagnetic order on the microscopic scale has attracted
a lot of attention to ruthenocuprates. Although a re-
spectable amount of experimental work has been pub-
lished so far, a complete and detailed description of the
magnetic properties of the ruthenocuprates is still lack-
ing. The ruthenocuprate family of materials consists of
two well investigated phases, RuSra RECusOs (Rul212)
and RuSro RFs_, Ce, Cus 019 (Rul222) and RuSroRECe,
Cuz012 (Rul232) (RE = rare-earth) recently synthe-
sized through a high-pressure-high-temperature (HPHT)
procedure [1] with a composition RuSroRECesCusOqs
(Rul232) (RE = rare-earth). All ruthenocuprates have
similar planar structure with RuOs planes responsible for
the magnetic ordering and CuO4 planes for the supercon-
ductivity. Between the two CuOs planes there is a RE
layer (as in YBayCu3O7, where RuOs planes are replaced
with CuO chains), a REs_,Ce; Oy block or a RECex0y
block for Rul212, Rul222 and Rul232, respectively. Due
to the presence of the RE5 .Ce,O5 block, the Rul222
system has adjacent Ru ions shifted along the c-axis by
(a +b)/2 and the unit cell is doubled.

On general grounds, the Rul212 system shows one
magnetic transition around 7T = 130 K while the Rul1222
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system is characterized by two: one around T}, = 180 K
and the second one around Ty, = 100 K (depends slightly
on the RE/Ce ratio). Although early reports have sug-
gested a ferromagnetic order in Rul212 [2] and Rul222 [3],
neutron scattering results have indicated the presence of
antiferromagnetism [4-6] with an upper limit of 0.1up for
a ferromagnetic component. Moreover, the direction of the
magnetic moment has been determined to be along the
c-axis, contradicting the pSR [2], EPR [7] and NMR [§]
measurements where it was concluded that the moments
lie in the ab-plane.

To reconcile the proposed hypotheses, a weak ferro-
magnetism [5,9], a phase separation [10], a combination
of two [11] and a spin-glass scenario [12] have been sug-
gested. Recently, a uSR study [13] on the Rul222 system
has shown that at T, only 15% of the material gets or-
dered. This finding has been confirmed in a Mdssbauer
study [11]. The rest of the sample orders at Tps. As for
the Rul212 system, Xue and coworkers [10] have showed
that substituting the Ru ions with the Cu ions leads to a
separation of the ferromagnetic and the antiferromagnetic
ordering temperatures. Moreover, a recent investigation of
the nonlinear dynamics and the magnetization decay on
the Rul212 (RE = Gd) composition [14] has revealed an
existence of ferromagnetic clusters with an ordering tem-
perature only few Kelvins above the Ty, the antiferro-
magnetic ordering temperature. A similar observation has
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been found on the Rul212Y composition [15], although
with a different sign of the third harmonic around Ty,
which will be discussed later.

In this paper we extend our investigation of the non-
linear magnetic behavior in ruthenocuprates. We confirm
our previous claim that the Rul212 system, for RE = Gd,
Y, shows a negative third harmonic in the ac susceptibility
which is not compatible with a simple AFM ordering of Ru
ions. Through a detailed study of the ac field dependence
of the ac susceptibility we show that at the main magnetic
transition 7Ty the third harmonic shows diverging-like be-
havior, where in simple AFM system, no divergence is ob-
served both above and below Ty. Additional features are
visible in both pure and doped Rul212 systems which can
be ascribed to a superparamagnetic behavior. The third
harmonic for different RE/Ce ratios in the Rul222 system
is qualitatively the same. Two characteristic temperatures
around Ty, are found which indicates that a long-range
ordering sets in at Thy.

2 Experimental details

We have performed the measurements on the follow-
ing compositions: RuSroGdCusOg (Rul212Gd), Rug.9Srs
YCuz.1079 (Rul212Y) and RuSraRE:_,Ce,CusOqg
(Rul222Eu) with = ranging from 0.6 to 1.0. The polycrys-
talline samples used in this study have been measured pre-
viously, see references [3,16,17]. Ac susceptibility measure-
ments were performed using the commercial CryoBIND
system with the frequency of the driving field equal to
990 Hz.

Nonlinear susceptibilities can be defined through the
expansion of the magnetization M in the power series of
the magnetic field H

M = Mo+ x1H + xoH? + xsH® + ..., (1)

where x; is the linear (or a first order) susceptibility
and x2 and s are the second and the third order sus-
ceptibilities, respectively. Although usually much smaller
then the linear component, y2 and x3 often provide addi-
tional information about the investigated system. It has
been shown that the divergence of x3 characterizes the
spin-glass transition [18]. It has been used to distinguish
spin-glasses from superparamagnets [19-21], both show-
ing similar behavior in the linear component x;. For long-
range-ordered systems ys shows divergence on both sides
of Tc in ferromagnets [18,22-24], while for antiferromag-
nets x3 has a nondiverging, asymmetric shape at the tran-
sition with a positive sign of x3 below Ty [18,25-27].

Even order susceptibilities vanish when the magnetiza-
tion has inversion symmetry with respect to the magnetic
field applied. x2 has been used to provide the evidence of
the coexistence of the ferromagnetic and glassy behavior in
reentrant spin-glass systems [28] and doped cobalt-based
perovskites [29].

When an ac field H = Hycoswt with a frequency w
is applied, an induced voltage in the coils detected with a
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lock-in amplifier involves higher harmonic terms in addi-
tion to the first harmonic:

dM
AV o wHo | X7 sinwt
. 3 ex
+x5 " Ho sin 2wt + ZX;“’HOQ sin3wt4--- | . (2)

The harmonics are related to the higher-order susceptibil-
ities through the following relations:

. 3 5
X =1+ ZX3H02 + §X5H§ +...,
) 15
X5"P Ho = X2Ho + xa Hjj + 1—6X6H§ +..
3 exp 772 3 9 15 4 63 6
- H5 = —x3H, —s5H —y7H,
D6 Ho = sy + exsHo + ooxrHy + (3)

For small amplitudes Hy we can put x1 = X717, X2 = Xo ©

and y3 = x5 7. There are no general rules as how large
Hy is allowed to be before higher order terms should be
taken into account. The best option is to use as small Hy
as possible.

As explained above, the sign of the third harmonic
is often more important in determining the qualitative as-
pects of the material under investigation then the absolute
magnitude of the signal. Therefore, we have checked the
sign of x3 by measuring the triangular wave as an input
signal for the lock-in amplifier [22]. In addition to that,
the sign is also verified by observing the response from
the superparamagnetic particles which should always be
negative (see the following section).

Measurements for the ac field dependence of the third
harmonic (Fig. 3) have been performed by measuring the
signal in a temperature window around the peak since the
maximum shift as the ac field is increased.

3 Results and discussion
3.1 Rul212

We have investigated the Rul212 system containing two
rare-earth elements, Gd and Y. The real part of the ac
susceptibility for the two systems is shown in Figure la.
Rul212Gd shows a somewhat larger susceptibility than
Rul212Y with a peak positioned at Ty = 135 K. For
Rul1212Y the peak is more rounded with a maximum value
around 140 K. The imaginary part of the ac susceptibility
is displayed in the inset of Figure 1a. A sharp peak is seen
for Rul212Gd system, while for Rul212Y there are two
broad maximums located around 110 K and 180 K, with
a kink at 140 K where x} has a maximum.

Figure 1b shows the nonlinear susceptibility for
Rul212Gd measured in various ac fields. Three distinct
features can be noticed, which occur at T} = 152 K,
Ty = 137 K and 75 = 131 K. In the inset of Figure 1b
the peak at T) is shown enlarged. For small fields T is
barely visible and for larger fields it gets smeared out due
to the growth of the peaks at T5 and T3. The peak at T5 is
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Fig. 1. (Color online) (a) Temperature dependence of the real
part of the ac susceptibility for Rul212Gd and Rul212Y sys-
tems measured with Hac = 1 Oe. The inset shows the imagi-
nary part. (b) Temperature dependence of the third harmonic
of the ac susceptibility for the Rul212Gd system. From top
to bottom Hac = 3,10,20 Oe. Inset: enlarged view around
Ti. (c) Temperature dependence of the third harmonic for the
Rul212Y system. From top to bottom Hac = 5,10, 20 Oe.

very sharp for all the fields applied but it overlaps with the
feature at T3 as the field increases. T3 peak shows a rapid
growth as the field is increases, with a long tail below the
temperature where the minimum occurs.

In Figure 1c the third harmonic for the Rul212Y sys-
tem is presented. A broad maximum around 180 K has
been attributed to the formation of the superparamag-
netic particles [15]. This feature leaves a visible imprint in
the first harmonic as well (Fig. 1a). On the other hand, in
Ru1212Gd neither x} nor x| show visible deviation at 7.
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Fig. 2. (Color online) T2 dependence of x4 for Ru1212Y and
Rul1212Gd measured in 10 Oe and 20 Oe, respectively. Solid
lines represent the best fit to Wohlfarth’s model (see text).

Below 150 K x4 starts to grow (in negative values) with
a kink at 140 K (where a maximum in x} is located) for
small fields. As the field is increased, a peak develops at a
temperature slightly above 140 K with a tail for lower T'.
No T3 peak is observed in the Rul212Y system. Taking
into account that the RuO; planes in the Rul212Y system
investigated in this paper are slightly disordered due to the
doping with extra Cu ions, it is naturally to conclude that
the features observed at 77 and T3 are intrinsic to Rul212
ruthenocuprate (as seen for the Rul212Gd composition).

It has been shown [20] that the existence of the super-
paramagnetic particles can be verified through the 73
dependence of x%5. According to the Wohlfarth’s super-
paramagnetic blocking model [30], x} of the assembly of
superparamagnetic particles follows a Curie law above the
blocking temperature 75 while Y4 shows negative T3 de-
pendence,

/ n () (W’
T (kB—T) ; (5)

where n is the number of particles per unit volume, (u)
is the average magnetic moment of the single particle and
kp is the Boltzmann constant. In Figure 2 we show ap-
propriate plots for Rul212Gd and Rul212Y. The linear
dependence of x5 on T~2 is found only in a small temper-
ature interval: between 188 K and 203 K for Rul1212Y and
between 156 K and 161 K for Ru1212Gd. Although in con-
ventional superparamagnetic systems the particle’s inter-
nal spin-spin correlation temperature is much higher than
the blocking temperature T’z [19,31], it has been shown re-
cently [32] that for Lip5Nip 50O a similar behavior occurs
with a 10 K wide temperature interval where the third
harmonic is linear in 73, We are aware that a 5 K inter-
val observed in the Rul212 system is probably too small
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and it can serve only as an indication. What is important
is that a doped system Rul212Y shows qualitatively the
same behavior as a pure system (RE = Gd) corroborating
the hypothesis that these features are intrinsic to material
and that they are not the consequence of the existence of
impurities.

From equations (4, 5) one can extract the average
magnetic moment of the superparamagnetic particle [19].
However, due to the presence of the ordering at Ty and
the paramagnetic contribution from the Gd ions (in the
Rul212Gd system), it was in this case not possible to ex-
tract the magnetic moment.

It is indicative that for the Rul212Y composition, for
which 10% of Ru ions have been replaced by Cu ions, T}
peak is larger then in the stoichiometric Rul212Gd com-
position and has shifted to higher temperatures. The same
happens for the first harmonic of Rul212Y (see Fig. 1).
This suggests that the incorporation of Cu ions in the
RuOs plane enhances the formation of superparamagnetic
particles. It doesn’t affect the main transition since T5
shows the same behavior for both compositions.

X4 gradually vanishes at higher temperatures (= 250—
280 K). This applies for both investigated Rul212 sys-
tems, indicating a common mechanism behind the build-
up of correlations.

In both Rul212RE systems (RE = Gd, Y) investi-
gated here, the third harmonic remains negative, contrary
to the report of Cimberle and coworkers [14]. In refer-
ence [14] two positive peaks have been observed with the
interpretation that there are one positive and one negative
peak, the negative one hollowing the positive peak. The
positive peak has been ascribed to an AFM order while
the negative peak has been attributed to the blocking of
the superparamagnetic particles [14]. The close inspection
reveals that the only difference between reference [14] and
our results lies in the sign of the third harmonic, since
the two peaks from reference [14] are the T5 and T3 peaks
from Figure 1b.

The detailed ac field dependence (Figs. 3a, 3b) shows
that the T5 and T35 peaks have substantially different be-
havior in the small field regime, which has not been probed
in reference [14]. T, shows a divergent-like behavior, while
T3 starts to decrease below ~8 Oe and is not observable
below 2 Oe. Similar ac field dependence has been observed
in reference [14] (for fields above 7 Oe), except for the sign,
but interpreted as a negative peak hollowing the positive
one. We have checked our setup applying the triangular
wave to the lock-in amplifier to confirm the correct sign
of the third harmonic. In addition, the existence of T}
in the Rul212 system with a 7~ dependence indicates
an occurrence of superparamagnetic particles. There is no
doubt that this results in a negative x3 (Eq. (5)), as repro-
duced in our measurements. T} is a natural explanation
for the occurrence of blocked superparamagnetic particles
which gives rise to time relaxations of magnetization [14].
We may assume that the phase of the third harmonic in
reference [14] was simply changed by 180 degrees, either
before the measurement or during the data analysis.
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Fig. 3. (Color online) ac field dependence of the amplitude of
the peaks in x3 for various ruthenocuprates. The peaks shift
in temperature as the ac field is increased and the labels cor-
respond to the low-field value. Dotted lines are guides for the
eye.

The main magnetic transition in the Rul212 system
is characterized by a negative, diverging peak at T, for
both compositions investigated. Due to the presence of
the adjacent peaks and relatively small signal, we were
unable to perform the critical analysis which would allow
us to determine to which class this transition belongs. Di-
vergence in the limit of H4c — 0 indicates a long-range
ordered magnetic state. This line of reasoning has been
used before to discriminate between a spin-glass and a
superparamagnetic system [21,33]. Also, investigation of
ferromagnets in the limit of Hac — 0 showed [24] diver-
gence on both sides of Tx. The negative character of Th
peak is in disagreement with the proposed C-type AFM
system [4] for which it is expected to show a positive,
nondiverging third harmonic for 7' < T and vanishingly
small signal for 7' > T [18,27]. On the other hand, it
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Fig. 4. (Color online) The first harmonic for Rul222Eu and Rul212Gd compositions. Inset: enlarged temperature window
where the anomaly for the Rul222 system occurs. No systematic behavior has been observed, either in the temperature or in

the size of the anomaly.

has been shown [27] that canted AFM systems diverge
negatively on both sides of the transition. In addition, an-
other well defined peak has been observed in [27] below
the transition, which has been ascribed to an interaction
of domain walls with an external field. We also see the
appearance of a peak at T3 for larger fields. Based on this
experimental evidence, we suggest a canted AFM ordering
to occur in the Rul212 system.

Canted AFM structure has been previously proposed
for the Rul212 system [5]. Calculations of the local spin-
density approximation of Nakamura and Freeman [34]
showed that canted AFM has a slightly lower energy then
c-type ordering seen in the neutron scattering. Investi-
gation of ac susceptibility in de-bias field [35] revealed a
metamagnetic transition which was suggested to be be-
tween the canted AFM state for fields below the critical
field and FM state above.

Since an upper limit for a ferromagnetic component
at 0.1 pp has been obtained [4], it was hard to accom-
modate large canting angles to explain three times larger
magnetic moment revealed from the magnetization mea-
surements [36]. Xue and coworkers [10] suggested a phase
separation into an AFM matrix and FM particles which
eliminates the need for a large canting angles of the AFM
matrix. This scenario is also supported by our measure-
ments.

The largest difference between the two Rul212 compo-
sitions investigated in this work is revealed below the main

transition. In the Gd-based compound there is another
well-defined peak T3 with a strong ac field dependence
while the Y-based compound shows only a broad feature
with a modest field dependence. T5 peak shows nondi-
verging behavior while the broad feature in Rul212Y is
visible even for smallest measuring fields. Very similar ob-
servation has been reported in the case of a canted AFM
system [27]. The appearance of a peak below the main
transition has been attributed to the effect of the external
field on magnetic domains formed by weak ferromagnetic
moments. Taking into account the fact that the T3 peak
is missing in Rul212Y where Cu ions to some extent alter
the genuine magnetic order in RuO; planes, we conclude
that it is intrinsic to the magnetic order in Rul212.

3.2 Rul222

The first harmonic in the Rul222Eu system for the con-
centrations ranging from xz = 1.0 to x = 0.6, along with
Rul212Gd data, is presented in Figure 4. In general, sus-
ceptibility of the Rul222 system is approximately an order
of magnitude larger than for the Rul212 system. As x de-
creases both the temperature Ty, and the size of the peak
decrease, from 121 K for x = 1.0 to 85 K for x = 0.6.
For concentrations with x < 0.8 there is a kink around
30 K indicating an onset of the superconductivity. Similar
results have been obtained through the dc susceptibility
measurements [37].
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Fig. 5. (Color online) The third harmonic for the Rul222Eu
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In addition, there is an anomaly in the susceptibil-
ity curve which occurs between 120 K < Tanonm < 140
K, shown in the inset of Figure 4. No correlation has
been observed between either the size of the anomaly or
the temperature at which anomaly occurs with respect
to the nominal Eu/Ce ratio, in agreement with [38]. In
1SR study [13], conducted on the 2 = 0.6 composition, it
was concluded that the anomaly does not represent a bulk
transition. Although all the compositions were prepared at
the same time and in the same laboratory, £ = 0.6 shows
particularly strong signal. Also, an overall shape for this
concentration is somewhat different from other curves. On
the other hand, x = 1.0 composition shows monotonic be-
havior without the apparent anomaly. We will show below
that the anomaly is also present for this concentration but
can be only observed in the third harmonic, while in the
first harmonic it overlaps with the peak at T;.

The third harmonic for the RuSroEu; 3Ceq7Cus0qg
(x = 0.7) composition measured in 1 and 10 Oe is shown
in Figure 5. Three distinct magnetic features can be dis-
cerned in larger fields: a small negative peak around the
temperature where the anomaly in y; has been observed
(Tanowm ), a negative peak above T and a positive peak
below Tj;. On lowering the temperature the signal be-
comes smaller, until the superconducting order sets in be-
low 30 K. The third harmonic measurements have been re-
cently used to prove the coexistence of ferromagnetic and
superconducting order parameters [39]. For other concen-
trations the results are very similar, with Tpog and Tnga
shifting in temperature according to the shift in Th;. In
the inset there is an enlarged view of the high temperature
part for H4c = 10 Oe where we show the dissapearence
of the third harmonic in the same temperature range as
for the Rul212 system (Fig. 2).

As we have mentioned in the introduction, it is very
important to measure the higher order harmonics in as
small a field as possible, to be able to use the approxi-
mation x3 = x5 7 (see Eq. (3)). In Figure 6 we show all
the investigated concentrations of the Rul222Eu system
measured in 1 Oe. All the curves show a similar pattern:
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Fig. 6. (Color online) The third harmonic for the Rul222Eu
system measured with 1 Oe. The curves have been vertically
displaced for clarity. The vertical dashed lines mark T/, the
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a positive peak below T)ys (vertical dashed lines) and a
small negative dip above T);. This is a strong indication
that Tpos and Txpa are related to the main magnetic
transition Ths. For z = 0.6 and x = 1.0 Tanous is already
observed for Hac = 1 Oe.

The occurrence of two characteristic temperatures
around the main magnetic transition in the Rul222 sys-
tem has been reported in recent investigations by uSR [13]
and Mossbauer spectroscopy [11]. These reports showed
the existence of two internal magnetic fields appearing
around the main magnetic transition Th,. In addition, the
existence of the ordering just above T); has been indicated
in our previous reports [40,41]. A temperature dependence
of the time relaxations of the ac susceptibility [40] and the
peculiar inverted hysteresis [41] has shown that these phe-
nomena originate at a slightly higher temperature than
Ty and fully develop below Ty

With respect to the occurrence of the anomaly, all com-
positions show the same behavior, even the parent com-
pound (r = 1.0). This is important to stress since a re-
cent report [38] indicated that # = 1.0 does not show the
anomaly. We suggest that the anomaly is not visible in the
first harmonic of the ac susceptibility and magnetization
due to the higher magnetic transition at Tj; for x = 1.0.
It has been suggested that for < 1.0 the reduction of
the Ce content leads to oxygen depletion. Ru®* ions sur-
rounded by oxygen holes reduce to Ru**t, which has been
assumed to be related to the occurrence of the anomaly.
Our measurements show that if the clustering of Ru**t
ions is related to this feature, it is not the Ce content that
drives the reduction from Ru’t to Ru** ions, since the
RuSrsEuCeCuz0y¢ (z = 1.0) compound is stoichiomet-
ric. NMR experiments on Rul212 [8], which is also stoi-
chiometric, indicated the coexistence of Ru®t and Ru**
ions which has been associated with the transfer of elec-
trons from CuOy to RuOs planes and the occurrence of
superconductivity in this compound. We propose that a
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similar mechanism might also be present in the Rul222
system. The transfer of electrons must be weaker than in
the Rul212 system, since z = 1.0 and = = 0.9 are not
superconducting. With further substitution of Eu3t for
Ce** ions additional holes are introduced to CuOs planes
which induces superconductivity for = < 0.8.

It is instructive to look at the ac field dependence
of characteristic peaks for the Rul222 system, Tpos,
Tnec and Tanon- We have only shown the results for
the Rul222Eu « = 0.7 composition but other composi-
tions, including x = 1.0, reveal qualitatively similar re-
sults. Figure 3¢ shows that Tppog has a diverging charac-
ter, while Tnyga and Tanons are nondiverging, although
this is only evident in fields smaller then 2 Oe, which in-
dicates the importance of the small-field measurements.
A very similar observation in an amorphous ferromagnet,
Fe5Cos0Niy7—,CryB16Size with 2 = 5 [24], has been ex-
plained invoking a clusterization above the main transi-
tion, before the full FM order sets in. This resulted in
a negative, nondiverging third harmonic above T and a
positive, diverging harmonic below 7. We propose that a
similar situation occurs in the Rul222 system. As shown
by 1SR study [13], just above Ths a majority of the volume
orders and from our results it seems clear that there is no
long-range order. Eventually at T)s, where the rest of the
sample gets ordered [13], ys diverges indicating a long-
range order. This is to be contrasted with recent neutron
scattering results on Rul222, z = 0.8 where no long-range
order could be measured for the main magnetic phase [42].
Moreover, it is claimed [42] that the ordering at T is ac-
tually related to the impurity phase of unknown origin
and that Ru ions incorporated in the Rul222 phase do
not contribute significantly to the observed magnetic be-
havior in the Rul222 system. The systematic change of
characteristic temperatures with x in linear and nonlinear
magnetic dynamics presented in this report and in previ-
ous investigations, with various dopants for Ru ions [38]
suggest an intrinsic scenario behind the magnetism in the
Rul222 system. More experiments are needed in order to
elucidate the microscopic nature of magnetic ordering in
this material.

Some features are not visible in small fields (~1 Oe).
We show in Figure 7 measurements performed with
Hac = 10 Oe. The anomaly is now clearly visible for all
the concentrations, with the x = 0.6 concentration show-
ing the largest signal. For the z = 1.0 composition T'sa o
overlaps with a large, negative peak at Tnpg. Above
Tanon there is another deviation, 170 K < T™* < 180 K,
which for some concentrations develops into a peak and
for others creates only a barely visible shoulder. The most
pronounced peak is again seen for the x = 0.6 composi-
tion. Around the same temperature a formation of super-
paramagnetic clusters has been proposed from nonlinear
magnetization measurements [10] and pSR [13] showed
the existence of magnetic order in 15% of the sample be-
low T*. The weak, negative sign of the third harmonic
supports the hypothesis of a minor volume fraction order-
ing locally and giving rise to magnetism above the main
magnetic transition Ths. Due to the small signal and large
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Fig. 7. (Color online) Measurement of the third harmonic with
Hac = 10 Oe for all the investigated concentrations of the
Rul222Eu system. Tanoa is developed for all the concentra-
tions. x = 1.0 has Tanom and TnEeg overlapped.

background from other peaks, we were unable to find an
appropriate temperature interval with a 73 dependence,
as we have shown for the Rul212 system (see Fig. 2).
The Wohlfarth’s model, which predicts a 72 dependence,
assumes a constant average moment of the particle (see
Egs. (4, 5)). As suggested in reference [43], due to the
different temperature dependence of the FM and AFM
interactions inside the clusters, the average magnetic mo-
ment is temperature dependent. This implies a nondiverg-
ing third harmonic with a temperature dependent slope in
the y3 versus T2 plot, as in our case.

The origin of the high-temperature ordering continues
to be a subject of debate. Except for the obvious intrin-
sic scenario, an impurity-based explanation has been pro-
posed [38] with Sr-Ru-Cu-Og3 phase showing similar tem-
perature dependence of the coercive field as the Rul222
system. Cu?* ions are thought to be inhomogeneously
distributed in both Ru and Sr sites which causes Sr-Ru-
Cu-O3 phase to act as an independent particle inside the
Ru®t matrix. This study has been conducted on a sys-
tem with a long-range ferromagnetic order where mag-
netic domains and domain walls play a dominant role in
the mechanism behind the coercivity. On the other hand,
nanosized particles incorporated in the Rul222 matrix can
be considered as monodomain structures, with a super-
paramagnetic blocking as the main mechanism generating
the coercive field. Although an anisotropy (K) is involved
in both processes, a temperature dependence of the co-
ercive field in a bulk system should not be taken as an
indicator for nanosized particles. This leaves the intrinsic
scenario as a probable mechanism, but we are still missing
the microscopic explanation of it.

Other features observed in this report are also unlikely
to be related to the presence of impurities. The Rul212
system has been investigated before [14] and, apart from
the sign of the third harmonic, the same features have
been observed. Furthermore, through the investigation of
Rug.9Sr2YCuz 1079 (Rul212Y) we have shown that upon
introduction of a structural disorder due to the incor-
poration of Cu ions into the RuOs planes, the Rul212
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system’s predominant ordering at 75 does not change. On
the other hand, the peak at T5, which presumably reflects
the interaction of domain walls in the canted AFM state
with the external field, is strongly influenced with the
imposed disorder, indicating that the magnetic response
from the Rul212Gd compound is intrinsic to the Rul212
system.

In the Rul222 system all the different RE/Ce ra-
tios show consistent behavior between the first and the
third harmonic. Tpos and Txpg change in accordance
with the change in Ths and in the pSR experiment [13] it
has been shown that this involves more than 90% of the
sample’s volume. The detection limit of X-ray diffraction
measurements for our samples indicates <3% of impuri-
ties [3,16,17], confirming that Tpos and Ty g are intrin-
sic to the Rul222 system. The anomaly around 120 K has
been observed in all previously investigated Rul222 sam-
ples and has been linked to the high temperature transi-
tion around 180 K [38,43]. Substitution of Ru ions with Mo
ions [38] showed that while the main magnetic transition is
shifted, the anomaly remains unchanged. If the anomaly is
related to some sort of impurities in the Rul222 system,
one would expect drastic changes in position and inten-
sity, which has not been observed. In addition, the higher
harmonics are orders of magnitude weaker than the first
harmonic and we have shown that the anomaly appears
even for the smallest fields used. This strongly implies that
the anomaly is intrinsic to the Rul222 system.

4 Conclusions

Several novel features have been observed in our study of
the nonlinear susceptibility of ruthenocuprates. In Rul212
we have found a negative third harmonic of the ac suscep-
tibility, with a clear separation between the main mag-
netic transition and the formation of superparamagnetic
particles. The divergent-like behavior of the third har-
monic at the main magnetic transition indicates a long-
range ordered state. Previous reports favored a canonical
AFM state with magnetic moments pointing along the
c-axis. Our results contradict this hypothesis since canon-
ical AFM systems are expected to show a nondiverging
positive third harmonic. We propose that the majority of
magnetic moments order in a canted AFM state, in ac-
cordance with the neutron diffraction results. The dom-
inant ferromagnetic response comes from the separated,
short-range ordered particles which are blocked below a
temperature slightly higher than the temperature of the
main magnetic transition. The peak appearing below T
for larger magnetic fields has been ascribed to an inter-
action between domains of weak ferromagnetic moments
and the applied field.

Nonlinear response in the Rul222 system revealed two
characteristic temperatures around Ty, in line with uSR
and Mossbauer results. The charateristic lower temper-
ature Tppog coincides with the main magnetic transition
Ty seen in the linear response. The divergence of the third
harmonic at Tpog is an indication of the onset of a long-
range order. We have observed a small negative feature in
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x3 around 180 K for all compositions. This is a possible
signature of a minority phase ordering into supeparamag-
netic particles.

In both ruthenocuprate systems the third harmonic
starts to show in the temperature range ~250-280 K. Be-
low this temperature short-range correlations bind indi-
vidual spins into larger clusters giving rise to an observed
nonlinearity. It is important to notice that when the third
harmonic starts to show a deviation from the Curie-Weiss
behavior occurs, which can be crucial when determining
a paramagnetic moment from the Curie-Weiss plot.
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