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The results of detailed investigations of magnetic properties of Pr0.4Bi0.3Ca0.3MnO3 manganites at
low temperatures are presented. The performed investigations of temperature, field and frequency
dependences of magnetization and susceptibility as well as the magnetization relaxation processes
indicate that below TC ¼ 44 K the manganite Pr0.4Bi0.3Ca0.3MnO3 is in the magnetic phase-segregated
C 2012 American Institute of Physics.
state with ferromagnetic inclusions forming a cluster glass. V
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non-commercial SQUID-magnetometer in the temperature
range 4.2–300 K in fields with the intensity 1 mT–5 T on
heating in the regime of cooling a sample (before measurements) in the field (FC — field cooling) and without the field
(ZFC — zero field cooling). An experimental measurement
error of temperature does not exceed 1 K over the whole
range.
A dynamical susceptibility v0 (x), v00 (x) was measured
by a vibration magnetometer in an alternating field with
the amplitude of 1 mT in the frequency range from 100 to
10 000 Hz.

INTRODUCTION

For many years, a magnetic state of substituted (R1xAx)
MnO3 (R — rare earth, A — alkaline earth) manganites in the
region of the ferromagnetic Curie temperature TC has attracted
attention of researchers due to formation of particular magnetic structures responsible for appearing the effect of negative colossal magnetoresistance (CMR).1 It has been shown
that a role of substitutions in the CMR formation is related to
creating special conditions of competition between double ferromagnetic exchange among Mn3þ–Mn4þ ions, forming holerich ferromagnetic clusters, and antiferromagnetic superexchange Mn3þ–Mn3þ. Conditions optimal for appearance of
CMR correspond to x ¼ 0.3. A compound PrMnO3, in contrast
to antiferromagnetic compounds of this series, is a paramagnet, and an ionic radius of Pr3þ has the smallest among rare
earths value, 0.129 nm. The substitution of it by Ca2þ ions is,
as opposed to others R3þ, a substitution by an ion of larger
radius. In spite of it the compound Pr0.7Ca0.3MnO3 reveals
magnetic features, typical to other manganites with optimal
doping level, such as a close relationship between structural,
magnetic and transport properties, phase separation (magnetic
as well as electronic), presence of magnetic phase
transitions.2–4 In this work, low-temperature magnetic investigations of effect of replacing praseodymium by Bi3þ ions on
magnetic properties of this compound were performed. The
literature data on the subject are quite controversial. Available
works indicate both the weakening of ferromagnetic interactions when doped with bismuth5 and their enhancement.6 A
low-temperature magnetic state of the compound
(Pr0.4Bi0.3)0.7Ca0.3MnO3 was investigated and it was shown
that at the temperature T < TC ¼ 44 K it is a weakly magnetic
paramagnetic or antiferromagnetic matrix, including ferromagnetic nanoparticles self-organizing into cluster glass.

RESULTS AND THEIR DISCUSSION
Temperature dependences of static magnetization

Fig. 1 demonstrates temperature dependences of an
inverse susceptibility v1(T) of the polycrystalline sample
Pr0.4Bi0.3Ca0.3MnO3 in weak stationary magnetic fields 10,
30, 100 Oe (i.e., 1, 3 and 10 mT). A typical turn on the
curves below 50 K can indicate appearance of a ferromagnetic component at low temperatures. In order to define the
Curie temperature TC more exactly (see Fig. 2, the bottom
inset) derivatives of magnetization with respect to temperature dM/dT in the field of 1 mT (100 Oe) both at cooling in
the field (FC) and without the field (ZFC) are shown which
give the Curie temperature TC ¼ 44 K. Fig. 2 shows for comparison temperature dependences of magnetization measured
in a weak (H ¼ 10 Oe; 1 mT) and in a strong (H ¼ 5105 Oe;
0.5 T) constant field after cooling the sample in the field
(FC) and without it (ZFC), which indicate a significant effect
of magnetic field on a value of the magnetization and its
behavior. In this connection, it is interesting to perform
measurements of M(T) in intermediate fields (30 Oe, 100 Oe,
300 Oe, 800 Oe, 2000 Oe; 3 mT, 10 mT, 30 mT, 80 mT,
0.2 T). It appeared that temperature dependences of magnetization M(T) measured in FC and ZFC-regimes are "split" at
some temperature T* lower than the Curie temperature TC
and depending on a field strength. The dependence T*(H) is
shown in the upper inset of Fig. 2.
The "splitting" of ZFC and FC magnetization curves in
many works devoted to manganites is interpreted as manifestation of magnetic phase separation: the magnetic state
is a paramagnetic (or antiferromagnetic) matrix in which

EXPERIMENTAL PROCEDURE

The polycrystalline samples were obtained by the
method of solid-state reaction in the mixture of powders
Pr2O3, CaCO3 and Mn2O3 taken in the required ratio. A
chemical and structural homogeneity of the samples was
confirmed by an X-ray analysis.
Temperature dependences of static magnetization M(T)
and magnetization variations in time were measured by a
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glass is assumed if regions with a nonzero total moment are
distinguished in a system with zero total moment.9
A behavior of the temperature Tmax on ZFC curves of
the temperature dependence of magnetization upon changing
magnetic field is well described by both the formula (1),
solid curve in the upper inset of Fig. 2, and the formula (2),
proposed in the theoretical works10–13 (dotted line in the
upper inset in Fig. 2),
Tmax ðHÞ ¼ Tmax ð0Þ=ð1 þ cHÞ:

FIG. 1. Temperature dependences of inverse magnetic susceptibility in
Pr0.4Bi0.3Ca0.3MnO3 for different magnetic fields.

ferromagnetic inclusions self-organize. A presence of such
ferromagnetic nanoparticles in the matrix can form a superparamagnetic state (with and without a significant
magneto-dipole interaction) or a spin glass (classical or
cluster). Thus, the "splitting" (bifurcation) indicates the
phase separation in this compound.
Furthermore, a maximum is observed in the temperature dependences of magnetization measured at ZFC. Its
temperature, Tmax(H) also depends on strength of magnetic
field. The dependence Tmax(H) is shown in the upper inset
in Fig. 2.
A field dependence of the temperature T*(H) (splitting
of FC and ZFC curves M(T)) is well described by the
formula suggested in theoretical works3,4 (Fig. 2, the upper
inset),
T  ðHÞ ¼ a  bHp :

(1)

In our case, a ¼ 44 K, b ¼ 1.05 (if H is measured in oersteds)
and p ¼ 0.29. The theory7,8 for a classical spin glass gives
p ¼ 2/3, and in the case of p < 2/3 a cluster spin glass is
assumed. At the same time it is implied that a cluster spin

FIG. 2. Typical temperature dependences of magnetization for different
cooling regimes: with (FC) and without (ZFC) the field. The upper inset: experimental field dependences of the "splitting" temperature T* of curves
M(T) in the FC and ZFC regimes (light squares) and temperatures of a maximum on the magnetization curves Tmax in the ZFC regime (stars). Solid and
dotted lines are approximations in different models (see the text). The bottom inset: dependence of dM/dT on temperature in the field 1 mT.

(2)

In the first case, Tmax(H) is well described for the
values of adjustable parameters a ¼ 44 K, b ¼ 1.6,
p ¼ 0.35; in the second, for the parameters Tmax(0) ¼ 44 K
and c ¼ 6.1103 Oe1.
It is necessary to bear in mind the temperature Tmax on
ZFC curve of temperature dependence of magnetization is
determined by an average size of a magnetic cluster (if a
cluster glass is concerned and at Tmax), whereas the temperature T* of divergence of FC and ZFC curves is determined
by its maximal dimensions.10 The values of the parameter
p in the both cases differ slightly (p ¼ 0.29 for T*, p ¼ 0.35
for Tmax).
Dynamical susceptibility

A behavior of Tmax(H) is described by both the formula
(1) for a spin glass and the formula (2), proposed in Refs.
10–13 for superparamagnetic materials with a strong
magneto-dipole interaction between particles.
In order to clarify which one of the possibilities is realized in Pr0.4Bi0.3Ca0.3MnO3, a dynamical magnetic susceptibility was investigated at different frequencies of an
alternating field.
The dynamical magnetic susceptibility was investigated
in the alternating magnetic field with the amplitude of 1 mT
at the frequencies from 100 Hz to 10 kHz. Fig. 3 shows temperature dependences of a real part of dynamical magnetic
susceptibility v0 on frequency, the inset demonstrates the frequency dependence of temperature of the maximum v0 in a
semi-log scale. It is seen that the dependence is linear. Usually the considered shift of the temperature is characterized
by the quantity,

FIG. 3. Temperature dependence of a real part of dynamical magnetic susceptibility v0 ; the inset shows a dependence of temperature of a maximum of
v0 on frequency.
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FIG. 4. Magnetization curves at T ¼ 5 K. In the inset: magnetization curves
at the temperatures 5, 15 and 35 K in small magnetic fields.

dTmax ¼

@ ln Tmax
:
@ ln x

(3)

In our case, dTmax ¼ 0.015.
Our result for Pr0.4Bi0.3Ca0.3MnO3 corresponds to a criterion for a glass, dTx < 0.02, that does not contradict estimations made for glass systems.16
Magnetization curves

The dependences of magnetization M(H) on the strength
of external magnetic field H up to 5 T demonstrates an absence of saturation of the curve M ¼ f(H) at 5 K (Fig. 4). In
general, it is typical to both a superparamagnet and spin
glass. A presence of magnetic hysteresis and noticeable coercive force allow to conclude that it is rather a glass. All
curves in Fig. 4, the main as well as in the inset (small field\),
were obtained upon cooling without a magnetic field (ZFC).
Relaxation of magnetization

field. In Fig. 5, an initial part of the fast magnetization relaxation in Pr0.4Bi0.3Ca0.3MnO3 is presented. The experiment
was performed in the following way. The sample was cooled
down to 4.2 K at ZFC. Then the magnetic field (H ¼ 0.3 T)
was applied, and after keeping in the field during 20–30 min
the field was removed. In so doing, the fast relaxation was
observed: during 3–5 s the magnetization decreased by
almost 50%, and then it decreased very slowly. This experiment was performed by a vibration magnetometer the sensitivity of which was not enough to investigate a region of
slow relaxation. However, because in this setup a magnetic
field was created in a solenoid of a copper wire, a delay of
magnetic flux withdrawal typical to superconducting solenoids was excluded.
The slow relaxation was studied on a setup with high
sensitivity, SQUID magnetometer. In the inset in Fig. 5 the
slow relaxation of magnetization after removing a magnetic
field (T ¼ 4.2 K) is demonstrated. Using the curves of the
magnetic relaxation, in Fig. 6 time dependences of the characteristic quantity W are plotted in a log scale. This quantity
according to Ref. 17 was determined as


@
MðtÞ
log
;
log W ¼
@t
Mð0Þ

W ¼ tn :

(4)

Here, t is the time, M(0) and M(t) are the magnetization at
initial time and the magnetization at given time, respectively. In determining the parameter n we took into account
only linear regions in the range of long times characterizing
a steady state of magnetization relaxation. Fig. 6 shows time
dependences lgW(t) as a function of lg(t) in the temperature
range from 5 to 60 K. Using them the exponent n was found
for various temperatures (bottom inset in Fig. 6).
An increase of the exponent n on approaching TC from
low temperatures indicates clusterness of the spin glass
under study and is related to increasing interaction between
clusters (see for instance Ref. 13). The vertical dotted line in
the lower inset in Fig. 6 corresponds to the temperature
TC ¼ 44 K, i.e., this temperature separates the phase-

Some information on nature of a phase-segregated magnetic system can be obtained from an investigation of the
magnetization relaxation after turning off the magnetizing

FIG. 5. An initial region of the fast relaxation of ZFC magnetization after
removing the magnetic field H ¼ 3 kOe, T ¼ 4.2 K. In the inset: an example
of slow magnetization relaxation at 5 K after removing a magnetic field.

FIG. 6. Dependences of magnetization relaxation rate W on time t for different temperatures in a log-log scale. In the inset: temperature dependence
of the exponent n in the equation W  tn determining the rate of steadystate relaxation of magnetization.
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CONCLUSION
1

The results of all investigations performed, the temperature dependence of magnetization at field cooling and
zero-field cooling in the wide magnetic field range, the
temperature dependence of dynamical magnetization at
various frequencies of alternating field, the dependence of
magnetization on external magnetic field at low temperatures, the magnetization relaxation after removing the magnetizing field indicate that below TC ¼ 44 K a manganite
Pr0.4Bi0.3Ca0.3MnO3 is in a magnetic phase-segregated state
with ferromagnetic inclusions forming a cluster spin glass.
The presence of bifurcation of the curves M(T) gives
evidence of the phase segregation of a magnetic subsystem
in Pr0.4Bi0.3Ca0.3MnO3.
The field dependences of temperatures of the maximum
Tmax and "splitting" T* are well described by expressions for
a cluster glass.
The dependence of the shift of Tmax on frequency indicates the existence of a spin glass in Pr0.4Bi0.3Ca0.3MnO3.
Doping compounds Pr0.4Bi0.3Ca0.3MnO3 by bismuth
leads to suppression of ferromagnetism and to a shift of the
Curie temperature towards lower temperatures.
The authors take the opportunity to thank I. O. Troyanchuk (Institute of Solid State Physics NAS Belarus) for the
samples given for the present investigation, and V. V. Eremenko for permanent interest to the work, detailed and useful discussion.
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