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In this study, magnetic properties of Prg ¢7Cag.33MnO3 compound were investigated in detail. The magneti-
zation versus temperature (M-T) curve showed that this material undergoes a charge order transition at 200 K.
A more pronounced FM phase appeared below 56 K. At 7' = 5 K, a field induced sharp step like magnetisation
transition associated with phase separation was observed. However, after application of 7 T magnetic field at 5 K,
the magnetic behaviour of sample was changed completely and full FM behaviour was observed. The more inter-
esting is that the sample remains in the FM state and does not retrieve the initial magnetic state until warmed
up to charge order transition temperature. Large negative magnetic entropy change (—26.18 J/(kg K) at 38 K
and 5 T) was attributed to step like magnetisation transition.
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1. Introduction

Mixed valence perovskite manganites with the general
formula R;_,A,MnOj3 have fascinating rich properties
and magnetic phases resulting from the strong coupling
between the charges, spin, orbital, and lattice degrees
of freedom. Due to the subtle balance between various
phases, some manganites display particularly rich and
unusual behaviors as in the case of Prgg7Cag.33MnOg3
compound. Earlier experimental studies have shown that
upon cooling from high temperature in low fields, this
compound undergoes a charge order (CO) transition at
Tco followed by antiferromagnetic (AFM) and ferromag-
netic (FM) transitions [1]. In some recent papers, the
neutron scattering studies have shown that the low tem-
perature ground state of this compound is inhomoge-
neous with coexistence of submicrometer FM metallic
and CO-AFM insulating regions which is called phase
separation (PS) [2]. Interestingly, a chemically homoge-
neous material forms a magnetically inhomogeneous sys-
tem with spatially coexisting regions with distinct mag-
netic and electronic properties. The competition between
both phases is resolved in a nanoscale length, giving rise
to real-space inhomogeneities in the material. It is also
now well understood that PS state in manganites is close
related with the competition between CO-AFM insulat-
ing and FM metallic phases.

Another surprising result found in Prg g7;Cag.33MnOs3
compound is the appearance of ultrasharp magnetization
steps at low temperatures [3]. This ultrasharp magnetic
transition is included in the category of metamagnetic
transitions which is defined as the field induced transi-
tion of the entire compound from one phase to the other
of PS state. However, unlike the broad continuous tran-
sitions expected for inhomogeneous granular systems, in
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this case transition occurs in an extremely narrow mag-
netic fields range and at low temperature. These ultra-
sharp metamagnetic transitions were observed in single
crystal, polycrystalline, and thin film forms of mangan-
ites, indicating that it is mainly an intrinsic nature of the
samples [4].

Among various mixed valence manganites studied so
far, Prg.¢7Cag.33MnQs3 is of great interest for the study
of the PS and consequently the metamagnetic transition.
Due to the coexistence of AFM-CO and FM metallic
phases in this compound, the system provides an oppor-
tunity to study these phase competition phenomena and
ultrasharp metamagnetic phase transition. In this work,
we report magnetic properties of Prg g7Cag.53MnO3 com-
pound as a function of temperature and magnetic field.
At low temperature, field induced unusual irreversible
ferromagnetic transition is investigated in detail.

2. Experimental

The polycrystalline Prg g7Cag.33MnO3 compound was
prepared by the conventional solid-state reaction using
high purity powders PrgO11, CaCOgs, MnQO. The powders
were mixed in stoichiometric ratio. The X-ray diffrac-
tograms were recorded with a power diffractometer at
room temperature using Cu K, radiation. Grain struc-
ture was observed using a LEO-EVO-40 scanning elec-
tron microscope. The magnetic measurements were per-
formed using a Q-3398 (Cryogenic) magnetometer in a
temperature range from 5 to 300 K and 6 T maximum
magnetic field was applied.

3. Results and discussion

Figure la shows the temperature dependence of the
magnetization of Prgg;Cag33sMnQO3 compound. The
data were taken under an applied field of 0.1 T after the
sample was zero-field cooled (ZFC) and field-cooled (FC).
Both the ZFC and FC curves show an anomaly around
200 K (marked as Tco). The observed broad hump
around 200 K was attributed to CO state. At about
140 K (marked as Tarm), a weak but noticeable maxi-
mum is also observed, which indicates the onset of the
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AFM ordering. At lower temperatures, the sample dis-
plays upturn in magnetization at about 110 K corre-
sponding to a rapid growth of FM ordering in the CO-
-AFM matrix. A more pronounced FM phase appears at
T. = 56 K. Below about 40 K, the magnetization shows
a splitting between the ZFC and FC curves which in-
dicates the existence of a spin-glass like behavior. The
magnetization for FC has a larger value than that of the
ZFC suggesting that applied field favors the formation of
FM phase compared with CO-AFM one. As can be seen
in Fig. 1a, when the temperature is increased from low
temperature, the magnetization exhibits a small increase
up to 18 K. Although this feature is not entirely under-
stood, in many studies it has been interpreted as due
to the thermally induced increase in FM phase fraction.
The sample is blocked in a metastable PS state due to
the disorder or the strains between the FM and CO-AFM
states. With the increase in temperature, the system be-
comes unblocked due to the thermal fluctuation and the
magnetization shows a small increase [5, 6].
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Fig. 1. (a) The temperature dependence of magnetiza-

tion of Prg.67Cagp.33MnO3 compound measured warming

after ZFC and FC in a field of 0.1 T. (b) Isothermal mag-
netization curve measured at 5 K for Prg ¢7Cag.33MnO3
compound.

Figure 1b shows the magnetization measurement as
a function of magnetic field of Prg g7Cag.33MnQO3 com-
pound at 5 K. A sudden increase of magnetization was
observed at a critical field (Hc). The appearance of a
sharp step-like transition, which is called as metamag-
netic transition, is a clear signature of the coexistence of
FM and CO-AFM phases. The origin of this step-like
transition is still a matter of controversy. Different in-
terpretations have been proposed [2-7]. In most of inter-
pretations the step-like transition in manganites is based
on the scenario of PS, in which the CO-AFM and FM
phases coexist in the sample and FM phase develops in
the CO-AFM matrix. There is a considerable competi-
tion between these two phases. The slightly different cell

parameter of the FM and CO phases generates strain
at the interface region. Although the FM phase starts
to develop below CO temperature, at low temperatures
its growth is impeded by interface strain. Consequently,
the FM cluster cannot grow against the CO-AFM back-
ground. At that point application of a magnetic field low-
ers the energy of the FM phase. As the magnetic field is
large enough for the deriving force action on the spins to
overcome the constraints, the local stress is destabilized,
which causes a sudden jump in magnetization [2, 3].
Depending on the strength of the magnetic field, the
volume ratio of CO-AFM phase changes to FM phase. As
the magnetic field is increased enough, all the regions be-
have as CO-AFM matrix is converted into an almost full
FM state and magnetization reaches almost saturation.
However, when the magnetic field is decreased from high
value to zero a large irreversibility in magnetization was
observed (labeled as path 2 in Fig. 1b). For the further
magnetic field application, the sample remains in the last
acquired magnetic state (labeled as path 3 in Fig. 1b) and
do not retrieve the initial magnetic state. Additionally,
Wu et al. [3] have concluded that the number of steps
observed on M (H) curve (Fig. 1b) strongly depends on
the details of the synthesis and measurement procedure
and the thermal and magnetic history of the sample.
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Fig. 2. (a) The temperature dependence of magnetiza-

tion of Prg ¢7Cag.33MnO3 compound after application of

7 T magnetic field at 5 K and (b) isothermal magneti-

zation curve measured at 5 K after application of 7 T

magnetic field.

In order to clarify the irreversible magnetization tran-
sition, magnetic measurements of the sample were re-
peated after application of 7 T magnetic field at 5 K.
The results are given in Fig. 2a and b. If the results
given in Fig. 1 are compared with Fig. 2, it could be
clearly seen that the magnetic behaviors of the sample
was changed completely. The results given in Fig. 2 have
indicated that the sample shows fully FM behavior. In-
terestingly, once the magnetic field is applied the sample
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remains in the FM state and does not retrieve the initial
PS mixed magnetic state even after magnetic field is re-
moved. The previous magnetic behaviors of the sample
are not observed unless the sample is heated up above
CO transition temperature. We have seen that when the
sample is heated up to CO transition temperature, the ef-
fect of magnetic field disappeared and the sample showed
again the previous magnetic behaviors in Fig. 1. As con-
cluded above, due to the strain energy between FM and
CO-AFM phases, the mixed phase state has higher en-
ergy and the system is not stable. The application of 7 T
magnetic field, which is large enough to overcome the
strain energy between FM and CO-AFM phases, lowers
the energy of FM phase and the system has full FM or-
dering. Roy et al. [1] have concluded that if the system
undergoes a metamagnetic phase transition, then the free
energy of the system changes continuously. In such cases,
there is an energy barrier to the nucleation of the equi-
librium phase that is typically characterized as a positive
surface energy of the interface between the CO-AFM and
FM phases. Once the system is in the FM state, there is
no energy advantage to reverting to the CO-AFM state
even after the external magnetic field is removed unless
the temperature reached up to CO transition tempera-
ture. Above CO transition temperature, such a thermal
energy is sufficient to overcome the FM phase due to the
thermal fluctuation and sample shows again the previous
magnetic behaviors.
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Fig. 3. Magnetic entropy change of Pry ¢7Cag.33MnO3
sample at low temperatures.

The magnetic entropy, which is associated with the
MC effect, can be calculated from the isothermal mag-
netization curves (which are not given here) under the
influence of a magnetic field. According to the classical
thermodynamical theory, the magnetic entropy change
ASy, produced by the variation of a magnetic field from
0 to Hpax is given by

AS (T, H) = /OHW (?;)H dH. (1)

To evaluate the magnetic entropy change AS,, a nu-
merical approximation of the integral in Eq. (1) and the
experimental M—H curves at various temperatures have
been used. Figure 3 shows the magnetic entropy change
as a function of temperature at various magnetic field

for Prg¢7Cag.33MnQ3 sample at low temperatures. As
can be seen in Fig. 3, at just below 40 K we find ex-
tremely large value of AS,,. The presence of FM re-
gions dispersed in the CO-AFM matrix leads to a mag-
netization increase with decreasing temperature just be-
low 110 K and then reaches the maximum value at near
40 K. In this temperature range, due to the presence of
FM and CO-AFM phases, application of magnetic field
causes a metamagnetic transition. As a consequence of
metamagnetic transition, the magnetic entropy change
(ASy,) reaches —26.18 J/(kg K) at 38 K and 5 T mag-
netic field. At still lower temperature (T' < 22 K) ASy,
becomes positive.

4. Conclusions

In this study, magnetic properties of Prg g7Cag.33MnOj3
compound were investigated in detail. The magneti-
zation curves showed a weak maximum around 200 K,
which is a signature of the CO transition. At about
140 K, a weak maximum was attributed to onset of the
AFM ordering. At lower temperatures, the sample dis-
played upturn in magnetization at about 110 K corre-
sponding to a rapid growth of FM ordering. A more pro-
nounced FM phase appeared at T, = 56 K. At T'=5 K,
the magnetization isotherm showed two sharp step-like
metamagnetic transition at 3.2 and 4.5 T. This sharp
step-like transition was attributed to coexistence of FM
and CO-AFM phases at low temperatures. However, af-
ter application of 7 T magnetic field at 5 K, the magnetic
behavior of sample was changed completely. The results
showed that the sample has a full FM behavior. The
more interesting is that the sample remains in the FM
state and does not retrieve the initial PS mixed magnetic
state unless the temperature reached up to CO transition
temperature. At lower temperatures, observed extremely
large negative magnetic entropy change (—26.18 J/(kg K)
at 38 K and 5 T) was attributed to ultrasharp metamag-
netic transitions.
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