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We present dc magnetization experiments

performed on the

doped, polycrystalline system

Lay 7_,A,Cay33MnO3 (A=Ce,Y). The ceramic samples have been obtained by the nitrate decomposition route
and structurally characterized by powder x-ray diffraction. Hysteresis loops reveal an exciting and nonrepeti-

tive multistep structure of Barkhausen-like jumps in the low fields region, up to 50 Oe. We discuss our results
in terms of a collective response of magnetic moments pinned by frustration due to the competition among
different exchange interactions present in the compounds. A simple Ising Hamiltonian with in-plane ferromag-
netic interactions and randomly mixed off-plane interactions is introduced to model this hypothesis. Computer
simulations based on this model allow us to reproduce most of the features observed in the hysteresis curves,

allowing a qualitative understanding of the complex magnetic behavior of this family of manganites.

DOI: 10.1103/PhysRevB.73.054427

I. INTRODUCTION

In a previous work,! Alejandro et al. presented a system-
atic investigation of the magnetic and transport properties of
the cerium-doped compound Lag4;Cej,Cag33MnO;5. The
study reveals that there is a strong correlation between these
properties. A comparative analysis of those results suggests
that a magnetically frustrated state develops at low tempera-
tures (T<70 K). The first experimental evidence of mag-
netic frustration found in this compound was the incomplete
saturation of the magnetic moments at low temperatures and
high fields. Another signature of this behavior was observed
in the zero-field-cooled (ZFC) and field-cooled (FC) magne-
tization vs temperature curves. A maximum in the ZFC curve
and a noticeable plateau in all the FC curves below the maxi-
mum temperature, T, independently of the cooling field,
suggest a freezing of the spin system. Further indication for
the setting up of a glassy state was found in the S shape of
the M vs H virgin curves below T. This S behavior has been
previously observed in a wide variety of spin-glasses below
the freezing temperature’ and therefore reinforces the hy-
pothesis of the existence of a frustrated, glassy state in
Lag 47Ce(,0Cag 33Mn0O5. Some peculiar features of the resis-
tivity and magnetoresistance reported in Ref. 1 add more
evidence for the magnetic frustration of the system. The re-
sults were analyzed in terms of short-range ordered regions
that are probably embedded in a frustrated matrix or coupled
forming a cluster-glass system. This behavior is attributed
to the intrinsic cation disorder and consequent structural
distortions of these compounds. As occurs in
Lay47_,Y,Cay33MnO5 compounds,® magnetic frustration in
cerium-doped manganites would arise from the competition
of ferromagnetic (FM) double-exchange and antiferromag-
netic (AFM) superexchange interactions in a background of
structural disorder.

With the aim of shedding some light to the issue of
magnetic frustration in these compounds, we have per-
formed very detailed magnetization measurements in
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Lag ¢7_,A,Cag 33Mn0O5; (A=Ce,Y) compounds. In Sec. II, we
describe the sample preparation route and the measuring
setup, whereas the experimental results are presented in Sec.
III. In Sec. IV we introduce a simple theoretical model to
qualitatively account for the most interesting features of the
hysteresis curves, and finally we summarize our conclusions
in Sec. V.

II. EXPERIMENTAL SETUP, SAMPLE PREPARATION,
AND CHARACTERIZATION

Powder ceramic samples of Lag¢;_,Ce,Cay33MnO5 with
x=0,0.1,0.2 (labeled as CO, C10 and C20, respectively), and
Lag 47Y,Cag33MnO5 (labeled as Y20) were prepared using
the nitrate decomposition route in the former cases and liquid
mix in the last one. The final calcination treatments for the
Ce-doped and Y-doped samples were done at 1450 °C and
1200 °C, respectively. The incorporation of cerium or yt-
trium cations in the perovskite lattice was monitored by
x-ray diffraction measurements, concluding that our samples
are essentially single phased. For our higher Ce-doped
sample, a segregation of less than 0.6 wt. % cerium oxide
was found, i.e., only a 3.6% of the cerium ions are out of the
perovskite compound.'

The chemical composition of the samples has been
checked by EDX-SEM analysis. Magnetization measure-
ments were performed alternatively in a superconducting
quantum device (SQUID) and in a vibrating sample magne-
tometer (VSM) from T=5 K to 7=300 K, and magnetic
fields, H, up to 50 kOe.

III. EXPERIMENTAL RESULTS

Figure 1 shows the magnetic hysteresis (M-H) curve of
the C20 sample. Similar curves were measured for the other
Ce- and Y-doped samples. The saturation magnetization
(M) is lower than the theoretical value (=3.8 up) expected
for a full polarization of the Mn spin-system. Furthermore,
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FIG. 1. Magnetization vs magnetic field curve of the
Laj 47Ce,0Cag33MnO5 sample, measured at 7=5 K. Inset: detail
of the initial branch of the loop, including the virgin curve.

for the Ce-doped samples we observe that M, considerably
decreases when the concentration of Ce ions increases, indi-
cating that doping with cerium progressively frustrates the
FM alignment of the Mn spins. The magnetization loops re-
veal a very high polarizability at low magnetic fields, exhib-
iting very small values of coercive field. Though these or
similar features are not unusual in many manganites, distinc-
tive and very curious characteristics arise in these doped
compounds.

Figures 2(a)-2(c) show in detail the low field region of
the hysteresis loops for the samples C20, Y20, and CO
samples. We can observe that the Ce- and Y-doped samples
present similar features in their hysteresis curves. However,
striking differences arise when comparing these results to
those of ferromagnetic Lag¢,Cag33MnO5(x=0). While the
hysteresis loop of the undoped (CO) sample [Fig. 2(c)] ex-
hibits a completely smooth variation at this field scale, the
Ce- and Y-doped compounds present a much more complex
structure characterized by a pattern of discrete jumps of mag-
netization. These magnetization jumps occur in the region of
low magnetic fields, never larger than 50 Oe. Moreover, the
magnitude of these jumps is about 0.1 up per formula unit.
The very last features resemble the phenomenon usually
known as “Barkhausen jumps,” an effect that has been very
much studied in Fe alloys and whose origin was attributed to
domain-wall motion.*

In order to analyze the influence of progressive doping on
the stepped structure of the M-H loops, we compare the re-
sults obtained on the cerium-doped samples (Fig. 3). A care-
ful observation of the curves of both samples reveals that the
magnetization jumps of the C20 sample are more defined and
abrupt, while these signatures are smoother in the C10 one.
The overall magnetization variation is about 1 wz/Mn for
the x=0.2 sample, decreasing to about 0.8 wuz/Mn for the x
=0.1 sample. The jumps are therefore associated with the
extra doping and consequent distortion of the
Lag ¢7Ca33MnO5 parent compound. The other interesting
feature observed in the C20 loops is that they present three
jumps in most of the runs. The fact that no more than three of
these jumps are observed is important for the theoretical
model introduced below.
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FIG. 2. Detail of the low-field region of the hysteresis loops of
the (a) C20, (b) Y20 and (c) CO samples, measured at 5 K.

Another characteristic of the jumps can be appreciated
from Fig. 3(a). In this figure, two consecutive runs of the
C20 loops are presented. A magnetic field of 50 000 Oe has
been first applied to the sample. Then, the field has been
swept between +4000 Oe. The last field is high enough to
close the irreversible zone of the successive magnetization
loops. As we are mainly concerned with the low field region,
we have plotted the results falling in the —-50 Oe<H
=50 Oe range. The curves put in evidence the nonrepetitive
character of the jumps. A similar behavior has been recently
reported for mixed-phase manganites.’ The referred results,
however, were observed at much higher fields and only in the
virgin leg of the loop. The magnetization jumps measured in
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FIG. 3. M-H low-field region for the (a) C20 and (b) C10
samples, measured at 5 K. Two different measurements have been
plotted for the C20.

our samples are not only of small size and randomly situated
in the field scale as the measure is repeated. They are also
activated in both increasing and decreasing branches of the
loops, even after having submitted the system to fields larger
than the saturation field.

We have also investigated the temperature dependence of
the magnetization jumps. Figure 4 shows magnetization
loops of the C20 sample, measured at 7=35K and T
=70 K. It is evident from the comparison of Figs. 3 and 4
that the jump structure is considerably blurred as the tem-
perature is increased. Moreover, the nonrepetitive character
of the magnetization process at low fields is progressively
lost with increasing temperature, i.e., at the higher tempera-
ture [Fig. 4(b)], the two consecutive measurements are al-
most coincident. Finally, it can be seen that the loop mea-
sured at 70 K is bottle-necked, and is particularly strangled
at low field.

Further information about the thermal activation of the
magnetization jumps can be obtained from the ZFC-FC mag-
netization vs temperature curves® shown in Fig. 5. In the low
temperature regime (7+<70 K), the ZFC curve tends to zero
magnetization while the FC curve remains nearly constant.
The ZFC curve passes through a maximun around 7, and
both curves merge into a single one above 160 K. We remark
that the step structure of the M-H curves appears below T
~Tr. Moreover, there is a direct correlation between the
magnitude of the irreversibility in the ZFC-FC vs T curves
and the “sharpness” of the step structure. Both aspects sug-

H (Oe)

FIG. 4. M-H low-field region for the C20 sample, measured at
(a) 7=35 K and (b) T=70 K.

gest that the magnetization jumps are directly associated
with the low temperature magnetic frustrated phase of the
compound. The other samples present a similar behavior.

IV. DISCUSSION

To explain qualitatively our experimental results we pro-
pose a simple model based on an Ising Hamiltonian. In the
next paragraph we summarize the main signatures of the
magnetization loops of our samples, before introducing the
theoretical model. The Lagg;_,A,Cay33MnO; (x=0) com-
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FIG. 5. ZFC (®) and FC (O) magnetization curves for the C20
sample measured with H=50 Oe.
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pound presents a hysteresis curve of a typical ferromagnet
with the virgin curve inside the loop. As the A-dopant con-
tent increases, this behavior changes and particular features
are noticed. First, at low fields, H=+50 Oe, the magnetiza-
tion changes in discrete steps, which can be viewed as ava-
lanches of spins similar to Barkhausen jumps. Typically, our
magnetization loops exhibit three sharp steps. The magnitude
of the magnetization jumps, not being the same for all the
jumps, has an average of 0.1 uz/Mn. Second, the loops are
not repetitive: the magnetization steps occur at similar, but
not exactly the same, values of the external magnetic field
when data coming from different runs are compared. Third,
the magnetization virgin curve falls outside the loops (see
inset of Fig. 1). Finally, as the temperature increases, round-
ing effects in the steplike structure are observed: the magni-
tude of the jumps decreases and the loops become narrower.
The previous features become weaker as the Ce or Y con-
centration is decreased, i.e., when the structure distortion
decreases.’

We recall here that patterns of discrete and very sharp
jumps in the magnetization curves of some manganites have
been previously reported by several groups during the last
years.>31* Ceramic samples,’!! single crystals,!>!3 and
manganite films'# have revealed the presence of magnetiza-
tion jumps. Many of them present frustrated characters like
the mixed-phased manganites. Most of the cited papers re-
ported the existence of very few and rather large magnetiza-
tion jumps (1 wp/Mn or more), observed at H= 15 000 Oe
and very low temperatures. These jumps are only observed in
the increasing-field branch of the magnetization loops, sug-
gesting that after reaching saturation the samples have under-
gone some irreversible, field-induced transformation compa-
rable to a martensitic transition in metallic alloys.>° More
recently, Hardy et al.’> showed through detailed magnetiza-
tion measurement the presence of smaller and multiple mag-
netization steps superimposed on the larger magnetization
jumps in mixed-phase manganites. As stated before, these
results were observed at 7<2 K and H>10 000 Oe, in the
increasing-field branch of the magnetization loop and within
the larger step of magnetization. The “return” branch of the
loops appears completely smooth and absent of jumps. The
smaller jumps tend to vanish above 1.75 K, though the larger
steps persist even up to 5 K.

The steplike magnetization patterns reported in our work
have several distinctive features. In spite of the fact that the
magnetization jumps measured in our samples are of similar
sizes, they appear in a different field range. Furthermore they
are seen in both the increasing and decreasing field legs of
the loops, indicating that this low field steplike behavior per-
sists even after the sample’s magnetization is saturated. The
small-jump patterns are not exactly reproducible, meaning
that the position of the jumps varies slightly from measure-
ment to measurement. The temperature dependence of our
step structure is also different from the previous reported
data, as no large magnetization jumps have been observed at
any of the explored temperatures. The magnetic behavior of
our samples suggests the setting up of a frustrated phase
below a critical temperature, Tr. Below T, the steplike
structure in the low magnetic field range appears in a quasi-
symmetric pattern around zero field. These jumps are blurred

PHYSICAL REVIEW B 73, 054427 (2006)

and of smaller size as the temperature is increased. The ex-
istence of significant differences between our results and the
previous ones suggests that they probably have a different
physical origin, presumptively associated with the kind of
magnetic frustration involved.

Samples with narrow hysteresis curves suggest weak cou-
pling or low values of the local fields due to competing in-
teractions. This fact would allow a theoretical description
based on mixed magnetic interactions. Let us further justify
this proposal by considering first the case of LaMnO;, where
antiferromagnetism (AFM) type A is present,'>!® namely,
neighboring ferromagnetic (FM) planes alternate their orien-
tation. It is possible to distinguish between in-plane (xy) FM
interactions and off-plane (z axis) AFM interactions. As the
La is substituted for Ca, Mn** changes to Mn** to compen-
sate for the missing electron formerly coming from the La
ions. This charge distribution favors FM double-exchange
interactions, weakening the condition for AFM interactions,
and therefore La ¢;Cay33MnOj is ferromagnetic.

It is possible to think that lattice distortions induced by
the doping of Lajg;_,A,Cay33MnO; with A cations (A
=Ce,Y) indeed favors the formation of antiferromagnetic
bonds along the z axis. That is to say that at low temperature
and low magnetic fields antiferromagnetism could prevail in
some sectors or clusters of the sample. Such bond configu-
ration is randomly distributed across the sample and the A
cations would play the role of pinning sectors with AFM
interactions, as will be described below. This phenomenon
should increase with A concentration, as found in the experi-
ments.

We propose a plausible explanation for this phenomenon
based on a collective response of spin-planes subject to an-
isotropic random local fields due to competition of nearest
neighbor interactions of mixed character. We depart from
usual random field or random bond models,'”!® guiding the
distribution of bonds so anisotropic noise is superposed to an
antiferromagnetic type-A phase. This procedure is reasonable
because there are nonisotropic interactions between Mn
pairs, whose magnitude depends on the neighboring atoms
(La, A, or Ca) and on the angles and distances involved in
the Mn-O-Mn links. A complete Hamiltonian describing this
system would be extremely complex and almost impossible
to deal with. For this reason, we have retained the most sig-
nificant features of this model bearing in mind the original
antiferromagnetism of type A of the stoichiometric sample.
Our main assumptions are the following: the magnetic inter-
actions in the xy plane are assumed to be FM and all of the
same strength; part of the interactions along the z axis are
AFM while the rest are FM; the strength of these interactions
depends on the surrounding ions and will be varied in the
simulations below. We will show that these competing inter-
actions would lead to magnetic frustration and the formation
of cluster-glass sectors in the system.

According to these hypotheses, a large number of mag-
netic atoms will respond ferromagnetically, except where the
local abundance of AFM interactions will define sectors
where partial AFM type-A ordering is possible. These sectors
will respond to the external field as a whole since the weak-
est linked Mn atom would flip immediately, weakening the
local field condition on the neighboring magnetic ions, and
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FIG. 6. Three possible magnetic fields situations that produce
magnetization avalanches. In all cases the in-plane ferromagnetic
interactions are satisfied, while the off-plane antiferromagnetic in-
teractions (z direction) are represented in three different conditions.
From bottom to top: (a) a positive external magnetic field is needed
to prevent the central plane from overturning completely; (b) the
central plane is free (subject to zero field from its neighboring
planes); (c) the interactions of the central plane are satisfied and a
negative external magnetic field is needed to overturn the central
plane.

thus causing a small avalanche. This situation occurs inde-
pendently in different clusters through the material where
such a local field condition is achieved. After the overturn of
a planar sector, the planes that lay above and below it will
follow this process once the external field tunes to the new
local field condition.

Following this model three critical fields are possible for
such avalanches in accordance with the discusion of Fig. 3
above. Such critical fields are illustrated in Fig. 6. For sim-
plicity we assume that all the interactions along the z axis are
antiferromagnetic and that the magnetic field is applied in the
y direction. In the scheme (a), a forced ferromagnetic order-
ing is possible by means of an external magnetic field along
the positive y direction; when this field is decreased below a
critical value H, one of the planes (the central one in this
figure, for instance) will overturn. In (b) the central plane is
free and so a critical field H,, close to zero will be enough to
overturn the central reference plane. In (c) the interactions on
the central plane are satisfied and a negative external mag-
netic field (pointing to the y direction) of magnitude larger
than |H_| is needed to overturn the central reference plane in
order to achieve ferromagnetic orientation in the negative y
direction.

This picture can produce up to three possible values of
magnetic field for magnetization jumps to occur. However,
the previous picture is an oversimplification of the reality in
which several different local fields occur within a plane.
Thus, the weakest pinned magnetic moment in a plane can
trigger the overturning mechanism. The order in which these
local “domains” overturn is not always the same, explaining
why no return-point memory is observed. The magnitude of
the magnetization avalanches depends on the order in which
these AFM sectors overturn due to local frustrations. Smaller
jumps could also occur, when only a fraction of a plane
overturns and the rest remains pinned due to variations in the
local fields. These frustration effects are also responsible for
the virgin curve having less magnetization than the lower
hysteresis branch.
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The magnetization reversal mechanism described above
will only take place in small sectors of the sample where the
concentration of A atoms allows this ordering to some extent.
The volume occupied by AFM clusters will increase with the
dopant concentration in such a way that the overall turnover
of magnetic moments will account for approximately 1 up
for the case of x=0.2. The rest of the sample remains essen-
tially ferromagnetic, which agrees well with the behavior
shown in Fig. 1.

Although the picture described above corresponds to a
collective response of the system, it is possible to attempt a
qualitative and simple simulation of the main features of the
central region of the hysteresis curves. We propose an Ising
Hamiltonian approach that applies locally to those sectors of
the sample where dopant atoms tend to cluster. Such a com-
ponent of the total Hamiltonian can be written as

H =2 K;S:S;— > HS,, (1)

i<j i

where K;; represents the exchange interaction between man-
ganese ions at sites i and j respectively, the sum is restricted
to nearest neighbors only, and H is the external magnetic
field. To simulate the competing interactions depicted previ-
ously, we will consider that all in-plane exchange interac-
tions are FM and of the same strength: K;;=—J for the xy
plane; the off-plane (z axis) interactions can be AFM, K;;
=+aJ in concentration { (0<{<1), or FM K;;=—a/J in con-
centration 1-J. Both « and J are positive real numbers. The
occupation of these positive and negative interactions is ran-
dom. These two interactions are assumed to have the same
strength in order to assign to only two parameters ({ and «)
all the variations of this qualitative model.

Such a Hamiltonian will construct sectors of the sample,
designated as clusters from now on, where ordering in the xy
planes will tend to be ferromagnetic, while interactions along
the z axis will tend to antiferromagnetically order some re-
gions of a few consecutive planes. Several clusters of the
same size were prepared independently and in a random way,
and the parameters { and « were varied extensively within
each cluster. A Monte Carlo process was used to examine the
evolution of the system in the configuration space, and the
Metropolis algorithm was invoked to introduce temperature
effects by using Boltzmann’s statistics. The magnetic field H
is increased in steps equivalent to one spin-flip. The external
magnetic field H and the temperature are introduced in the
model in units of J.

The virgin magnetization curves have been simulated
starting the calculations at H=0. Two complete curves have
been calculated in all the cases so as to examine the revers-
ibility of the magnetization process. Our simulations consid-
ered variations of cluster size from 6X6X6 to 12X 12
X'12, but no significant changes have been observed in the
calculated results. For this reason, most of the calculations
have been performed on 6 X 6 X 6 clusters, in order to mini-
mize the computing calculation time. The calculated loops
(Fig. 7) qualitatively reproduce most of the features observed
in the experimental ones. Namely, that the magnetization
changes in steps, three as the number of most pronounced
steps, the nonexact reproducibility of the loops, and that the
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FIG. 7. Simulation of hysteresis loops for cluster sizes (bottom)
6X6X6 and (top) 12X 12X 12, using J,=+2.0J (0.7%), T=0.3J.
Virgin curves and loops have been calculated for two different runs
in each case.
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virgin curves fall outside the main loops. The simulations
shown in Fig. 7 uses the { and «a values that better repro-
duces the measured loops characteristics (see comments be-
low).

In Fig. 8 we present the dependence of the loops shape
with the coupling strength, «. It can be seen that for small «
values the jumps are sharp and short, while the virgin curve
goes inside the loop. On the other hand, for large values of «
the jumps are rounded, the magnetization process tends to be
more repetitive, and the virgin curve goes inside the main
loop. Similar results were obtained by varying . The best set
of parameters that leads to simulations closer to the mea-
sured curves is {=0.7 and a=2.

Studies on the statistics of the magnitude and position of
the magnetization steps would be useful to further enlighten
the mechanisms underlying the steplike behavior.

The temperature dependence of the loops was also exam-
ined using the best set of parameters on the 6 X 6 X 6 cluster.
In Fig. 9, calculated loops for different temperatures are
shown. We observe that the loops narrow as the temperature
is increased, while the step structure is somewhat preserved
as it occurs in the experiments (see Fig. 4).

V. CONCLUDING REMARKS

The system Lag ¢7_,A,Cag33Mn0O; (A=Ce,Y; x=0.1, 0.2)
presents hysteresis loops with a steplike structure at low
magnetic fields and low temperature. The shape of the loops
is the same along different runs although consecutive cycles
are not repetitive. The observed patterns of small magnetiza-
tion jumps persist even after saturating the magnetic field,
and furthermore, the virgin curves fall outside the main loop.

Jzmi 1.5 3 (0.7%)

35- 4t
€
3
£
a
= of {t
=
S| {t

FIG. 8. Simulation of two consecutive hyster-

T T
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— esis curves varying the strength of the interac-
’ tions along the z axis, performed in an array 6
X 6X 6. The rest of the parameters are those of
Fig. 6.
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FIG. 9. Simulation of the temperature variation of the loops,
using the same parameters of Fig. 6 in an array 6 X 6 X 6.
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These features reinforce the idea that the A-doping induces
magnetic frustration into this system. Some sort of collective
effect occurs in these systems, being capable of producing
avalanches of magnetization once a single magnetic moment
fluctuates, triggering a chain reaction or domino effect. We
have noted that this phenomenon occurs in a variety of sys-
tems doped with different A cations and that it is more pro-
nounced as the concentration of the A dopant is increased.

The experimental results were analyzed in terms of a
model based on randomly mixed magnetic interactions. Our
computer simulations using an Ising Hamiltonian lead to
hysteresis loops resembling the experimental ones, explain-
ing qualitatively the main features of the magnetization data.
The picture used to describe our system consists of a soft
ferromagnetic material with embedded clusters where mixed
interactions, ferromagnetic and antiferromagnetic, are
present and competing. Such clusters will respond to the ex-
ternal magnetic field depending of its strength. However, the
randomness of the local fields inside the sample allows that
different magnetic moments can trigger the flipping process,
thus making each hysteresis loop essentially independent
from the previous one. The observed magnetization jumps
are then produced by the flipping of planes (or large regions
of planes) within these partly antiferromagnetic clusters em-
bedded in a soft ferromagnetic matrix.
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