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Abstract
Magnetization, resistivity, and specific heat were studied systematically in the absence and
presence of magnetic field in Pr0.7Pb0.3MnO3 single crystals, in which electronic phase
separation occurs near the ferromagnetic/metallic-paramagnetic/insulating phase transition and
the metal–insulator transition temperature is much higher than the Curie temperature. These
measurements allow us to extract some fundamental physical parameters such as Fermi energy,
density of states at the Fermi energy, Debye temperature, and interaction among electrons,
phonons, and magnons. Furthermore, the magnetic entropy was studied around the phase
transition temperature regime. It was found that a magnetic entropy change associated with the
transition from the connected ferromagnetic phase to isolated superparamagnetic clusters
appeared near the metal–insulator transition temperature following a large magnetic entropy
change near the ferromagnetic–paramagnetic phase transition.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the discovery of colossal magnetoresistive effects
(CMR) [1, 2], a significant decrease of resistivity in-
duced by applying magnetic field, perovskite manganites
Ln1−xAx MnO3 (Ln = La, Pr, Nd . . . , A = Ca, Sr, Ba, Pb . . .)
have been studied extensively due to not only their rich
physical properties but also potential applications in magnetic
sensors. It is believed that the coexistence and compe-
tition between different interactions among charge, lattice,
orbital, and spin degrees of freedom result in many observed
fascinating phenomena. In addition, microscopic electron
phase separation has also been found in manganites [3–8],
which gives rise to further complication in understanding
the underlying physics. For example, in the typical double
exchange system La0.67Ca0.33MnO3, when the temperature is
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slightly above the Curie temperature, ferromagnetic clusters
separate from the paramagnetic insulating matrix [9, 10].
These ferromagnetic clusters are several nanometers in size
and probably a regular distribution due to the extended
Coulomb interaction within and among ferromagnetic clusters.
The competition between double exchange, super-exchange,
Coulomb coupling, interfacial energy, etc determines the
specific size, shape, and distribution of the coexisting phases
in electronically phase-separated systems.

In our previous studies [11, 12], it was found that
single crystalline Pr0.7Pb0.3MnO3 indicated an electronic phase
separation near the metal–insulator transition temperature
(Tp, ∼235 K). With increasing temperature, this system
experienced an unconventional sequence of phase transition
processes, ferromagnetic phase → ferromagnetic + param-
agnetic phase → superparamagnetic + paramagnetic phase
→ paramagnetic phase. Moreover, in the temperature region
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slightly above Tp, a large low-field magnetoresistance due to
the spin-dependent electron tunneling between ferromagnetic
clusters was observed [11]. The phase transition process
is different from conventional second order phase transition
due to the process dependence of transport properties [12].
Furthermore, such an unconventional phase transition process
has been verified directly by means of variable-temperature
scanning tunneling microscopy [13].

To better understand the electronic properties of the
electronically phase-separated systems and the underlying
mechanism, it is crucial to carefully investigate the phase
transition process and the fundamental physical properties
especially at low temperature. In this paper, specific heat,
magnetization, and resistivity were measured systematically
in Pr0.7Pb0.3MnO3 single crystals in the absence and presence
of magnetic fields. Based on these measurements, some
fundamental physical parameters such as Fermi energy, density
of states at the Fermi energy N(EF), Debye temperature
θD, and major interaction among electrons, phonons, and
magnons at low temperature have been extracted. Furthermore,
the magnetic entropy was studied in the phase separation
temperature range by both the magnetization and specific heat
measurements.

2. Experimental details

Pr0.7Pb0.3MnO3 single crystals grown by the flux method have
been used in our previous studies [11, 12]. Specific heat, Cp

versus T , was recorded between 1.8 and 300 K in the presence
and absence of the magnetic field by a pulse relaxation
method using a commercial calorimeter (Quantum Design
PPMS, physical property measurement system). The sample
was attached to a sapphire plate using an Apiezon grease.
The magnetic properties were measured by a superconductive
quantum interference device (SQUID, Quantum Design).
Electrical transport properties were measured by a standard
four-probe method by the PPMS.

3. Results and discussion

3.1. Phase transition and magnetic entropy change

Figure 1(a) shows the temperature dependence of magnetiza-
tion and resistance. The sample shows a transition from a
ferromagnetic to paramagnetic phase at 205 and 278 K under
a field of 0.1 and 5 T, and a metal–insulator transition at
235 and 280 K under a field of 0 and 5 T, respectively. It
is noteworthy that Tp, which is defined as the temperature
corresponding to the resistance peak in the R–T curve, is
higher than the Curie temperature (TC) under a low magnetic
field. The complicated phase transition process has been
investigated by magnetization, transport, and electron spin
resonance measurements in our previous studies [11, 12]. The
specific heat as a function of temperature measured under a
magnetic field of 0 and 5 T is shown in figure 1(b). At low
temperature, the specific heat value is almost independent of
the magnetic field. At room temperature, the specific heat is
around 115 J mol−1 K−1, in good agreement with other specific

Figure 1. Temperature dependence of (a) magnetization and
resistivity, and (b) specific heat. The inset of (b) shows the
differential of resistivity (dR/dT ) and specific heat (dC p/dT ) as a
function of temperature under a magnetic field of 0 and 5 T,
respectively.

heat measurements in this type of materials. There are no clear
peaks or discontinuity in the specific heat versus temperature
curves around TC, which indicates that the phase transition is
second order. As shown in the inset of figure 1(b), when we
compare the differential of resistivity (dR/dT ), and specific
heat (dCp/dT ), at the temperature where a peak appears in
the dR/dT –T curves (the sharpest temperature point in the
R–T curves), a broad peak in dCp/dT –T was observed as
well. The peaks in the dCp/dT –T curves move towards high
temperature with the applied field. In other words, while the
metal–insulator transition occurs, the specific heat changes
correspondingly though very little.

Isothermal magnetization curves were recorded in the
temperature regime from 180 to 280 K, which covers
the ferromagnetic–paramagnetic and metal–insulator phase
transitions. The temperature interval of 2.5 K was employed
in the aforementioned measurements. Figure 2 shows Arrott
plots with a temperature interval of 5 K (in order to be clear).
Magnetic behaviors can be well studied by analyzing Arrott
plots [14, 15] at temperature around TC. In Arrott plots, the
M2 versus μ0 H/M curves should be straight lines in the high
magnetic field range. The intercept of the M2 versus μ0 H/M
curves on the μ0 H/M axis is negative/positive below/above
TC. In other words, at TC, the extrapolation of the M2 versus
μ0 H/M curve should pass through zero on the μ0 H/M axis.
Based on this method, the TC of the Pr0.7Pb0.3MnO3 single
crystal was determined to be around 205 K, and the phase
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Figure 2. Arrott plots measured from 180 to 280 K.

transition is second order because the slopes of all the M2

versus μ0 H/M curves are positive. Additionally, M2 versus
μ0 H/M curves change their shapes from a reversed ‘L’ below
235 K into an ‘L’ shape above 235 K. At 235 K, the metal–
insulator transition temperature (see figure 1(a)), the M2 versus
μ0 H/M curve becomes a simple straight line from low to
high magnetic field. Similar behaviors were also observed
in La0.67Ca0.33MnO3 polycrystalline samples with a TC of
265 K, though no details have been discussed on the anomalous
behaviors yet [16]. It seems that the metal–insulator transition
may be reflected from the Arrott plots. We are investigating
this issue in other systems and will report in more detail
elsewhere.

The magnetic entropy change during the second order
phase transition can be calculated by

�SM(T,�H ) =
∫ HF

HI

dSM (T, H )T

=
∫ HF

HI

[
∂M(T, H )

∂T

]
H

dH. (1)

Figure 3 shows the magnetic entropy change as a function
of temperature derived from equation (1). The maximum of
the magnetic entropy change appears around TC; |−�SM| is
0.6 J mol−1 K−1 at 200 K with a magnetic field change of 3 T.
The low value of the magnetic entropy change can be attributed
to the short range correlations in the superparamagnetic
clusters, as suggested by electron spin resonance data as
well as a deviation of the inverse magnetization versus
temperature from the Curie–Weiss law reported in our previous
papers [11, 12]. This is in good agreement with other systems,
such as La1−xCax MnO3 and so on [17–19]. Kinks appear in the
−�SM versus T curves around 224 K, which is much clearer
under low magnetic fields, i.e. 0.2 or 0.4 T, as magnified in the
inset of figure 3. What should be noted is that the dCp/dT –T
and dR/dT curves with a zero magnetic field also indicate
peaks around 224 K (see figure 1(b)). At this temperature,
according to our previous studies by magnetization, resistivity,
and electron spin resonance measurements [11, 12], the con-
nected ferromagnetic metallic phases transform into isolated

Figure 3. Temperature dependence of the magnetic entropy change
under a magnetic field change of 0.2, 0.4, 1.0, 2.0, and 3.0 T,
respectively. The inset is the magnification of that with the magnetic
field of 0.2 and 0.4 T.

Figure 4. Temperature dependences of magnetic entropy changes
calculated from magnetization and specific heat measurements.

ferromagnetic clusters, which behave as superparamagnetic
clusters due to the thermal fluctuation. Therefore, the entropy
changes between the connected ferromagnetic phases and the
isolated superparamagnetic clusters must be responsible for the
kinks observed in the inset of figure 3.

The magnetic entropy change can also be calculated based
on specific heat measurements with and without magnetic
fields according to

�Sheat(T,�H ) =
∫ T

0
[Cp(T, H ) − Cp(T, 0)]dT

T
(2)

where Cp(T, H ) and Cp(T, 0) are the specific heat at
temperature T and under a magnetic field of H and 0 T,
respectively. The entropy changes as a function of temperature
with a magnetic field change of 2 and 5 T, respectively, were
calculated and shown in figure 4. The magnetic entropy
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Table 1. Fit parameters of low-temperature specific heat.

γ (mJ K−2 mol−1) β3 (mJ K−4 mol−1) β5 (mJ K−6 mol−1) �D (K)

0 T 8.2 0.26 2.28 × 10−3 334.5
2 T 7.4 0.28 2.17 × 10−3 326.3
5 T 7.2 0.29 2.12 × 10−3 322.4

changes calculated from the magnetization and specific heat
are well consistent with each others in values, though the
temperatures where the maximum of �S appears shift slightly
from each other, possibly due to the different measuring
systems. With the magnetic field change of 2 T, there is a
clear upheaval in the magnetic entropy change calculated from
the specific heat data around 240 K, which is around the Tp

under a magnetic field of 2 T. This agrees well with the fact
that there is a magnetic entropy change, even though not big,
around the metal–insulator transition (as shown in the inset
of figure 3) associated with the transition from the connected
ferromagnetic metallic phase to isolated superparamagnetic
clusters. Under a high magnetic field, i.e. 5 T, the upheaval
of �S at the TMI is concealed in the peak at the TC.

3.2. Low-temperature magnetization, resistivity, and
specific heat

Figure 5 shows the temperature dependence of the low-
temperature specific heat of Pr0.7Pb0.3MnO3 single crystals.
We have fitted these data by

Cp = Clat + Cele + Cmag. (3)

The phonon contribution arising from lattice vibration can be
described as Clat = β3T 3 + β5T 5. The electric contribution
due to the free charges can be written as Cele = γ T . The
magnetic term due to the spin wave contribution can be written
as Cmag = δT

3
2 . The hyperfine term caused by the level

splitting induced by local magnetic field at the Mn and Pr
nuclear spins, which usually appears at very low temperature,
was neglected. Thus the low-temperature specific heat data
were modeled by

C(T ) = γ T + δT
3
2 + β3T 3 + β5T 5. (4)

Under a magnetic field of 0, 2, and 5 T, respectively, the
fitting parameters are shown in table 1. γ of Pr0.7Pb0.3MnO3

single crystals is larger than that of La0.7Sr0.3MnO3

(3.39 mJ K−2 mol−1) [20] and La0.7Ba0.3MnO3

(6.1 mJ K−2 mol−1) [21] and smaller than that of Pr0.63Ca0.37

MnO3 (11 mJ K−2 mol−1) [22] and Pr0.7Ca0.3MnO3

(30.6 mJ K−2 mol−1) [23], but similar to Y0.7Sr0.3MnO3

(8.1 mJ K−2 mol−1) [7]. If we assume that the linear term in
the specific heat arises from the charge carrier completely, we
can compute the density of states N(E) at the Fermi energy EF

according to γ = π2

3 k2
B N(EF), N(EF) = 6.0 × 1022 eV cm−3

with γ = 8.2 mJ K−2 mol−1. For a free electron gas,
N(EF) = 3n

2EF
; n is the carrier concentration and should be

1.2 × 1022 cm−3 in Pr0.7Pb0.3MnO3 single crystals assuming
all holes induced by the dopants are mobile carriers. Thus we
have EF = 0.30 eV.

Figure 5. Low-temperature specific heats measured under a
magnetic field of 0, 2, and 5 T, respectively. The scatter plot is
experimental data points, and the lines are the fitting results based on
C(T ) = γ T + δT

3
2 + β3T 3 + β5T 5.

According to the lattice term, the obtained β3 is
0.26 mJ K−4 mol−1, basically consistent with a normal value
associated with the lattice contribution (0.1–0.2 mJ K−4 mol−1)
[5, 24–26]. From β we can obtain Debye temperature �D =
334.5, 326.3, and 322.4 K under a magnetic field of 0, 2,
and 5 T, respectively, based on the standard expression �D =
(12π4 P R/5β3)

1
3 , where P = 5 is the number of atoms in each

molecule, and R is the ideal gas constant.
In our fit above, no magnetic contribution to the low-

temperature specific heat was found, which is consistent with
the results reported by Hamilton et al [23]. The spin wave
excitation was investigated by fitting the low-temperature
magnetization data. Figure 6 shows the low-temperature
magnetization as a function of temperature measured under a
magnetic field of 5 T. The experimental data were fitted by

M(T )

M(5 K)
= 1−BT n , where B and n are fitting parameters. When

we fitted the data in the temperature range from 5 to 90 K,
B = 3.0×10−5 K−3/2 with n = 1.71, basically consistent with
the fitting parameters from 5 to 150 K (B = 3.0 × 10−5 K−3/2

with n = 1.74). When we narrow the fitting temperature range,
B becomes smaller while n becomes bigger; i.e., between 5
and 60 K B = 2.0 × 10−5 K−3/2 with n = 1.87, and between
5 and 40 K B = 6.5 ×10−6 K−3/2 with n = 2.16. This is quite
different from the Bloch T 3/2 law due to spin wave excitation.
The fitting results indicate that the spin wave excitation at low
temperature is negligible, which is well consistent with the
low-temperature specific heat results.

Figure 7 shows the temperature dependence of the low-
temperature resistivity under a magnetic field of 0, 2.4, and
5 T, respectively. In the temperature range below 0.5TC
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Figure 6. Normalized low-temperature magnetization under a
magnetic field of 5 T. The scatter plot is experimental data points.
The experimental data were fitted by M(T )

M(5 K)
= 1 − BT n from 5 to

90 K (solid line), to 60 K (dashed line), and to 40 K (dotted line),
respectively.

Table 2. Fit parameters of low-temperature resistivity.
ρ = ρ0 + AT α .

ρ0 (� cm) A (� cm K−α) α

0 T 3.90 × 10−4 1 × 10−8 2.13 ± 0.06
2.4 T 3.90 × 10−4 2 × 10−8 2.02 ± 0.05
5 T 3.93 × 10−4 2 × 10−8 2.02 ± 0.06

(TC ∼ 205 K), the resistivity was well fitted by ρ = ρ0 + AT α

with ρ0, A, and α free parameters, where ρ0 is the residual
resistivity that is considered as a measurement of the effective
disorder, and AT α a generic T-power law, which can be used to
simulate different scattering processes. The fitting results are
shown by solid lines in figure 7. The fit parameters are listed in
table 2. The residual resistivity ρ0 is 3.9 × 10−4 � cm, and
basically independent of the magnetic field, which suggests
that magnetic defects/impurities as well as magnetic domain
walls do not contribute significantly to the residual resistivity
in the manganite single crystals. As is well known, the T 2.5

term in the low-temperature resistivity is an empirical fit to
the data which represents a combination of electron–electron,
electron–phonon, and electron–magnon scattering, and the T 2

term is mainly due to the electron–electron scattering [27]. Our
fitting results show that α is 2.13 without magnetic field and
decreases to 2.02 under a magnetic field of 2 and 5 T. This
suggests that the electron–electron coupling is very strong.
Moreover, we have tried to fit the low-temperature resistivity
by ρ = ρ0 + aT 2 + bT 3.5 + aT 4.5 + aT 5, where T 3.5

is due to spin wave scattering [28], T 4.5 is due to electron–
magnon scattering [29], and T 5 is due to electron–phonon
scattering [30]. The fitting results are not better than that based
on ρ = ρ0 + AT α. Moreover, the main contribution is from
the T 2 term. As a result, the electron–electron interactions are
dominant at low temperature.

Figure 7. Low-temperature resistivity measured under a magnetic
field of 0, 2.4, and 5 T, respectively. The scatter plot is experimental
data points, and the lines are the fitting results based on
ρ = ρ0 + AT α .

4. Summary

In Pr0.7Pb0.3MnO3 single crystals, in which electronic
phase separation occurs near the ferromagnetic/metallic-
paramagnetic/insulating phase transition, the magnetic entropy
was studied around the phase transition temperature regime.
It was found that a magnetic entropy change associated with
the transition from the connected ferromagnetic phase to
isolated superparamagnetic clusters appeared near the metal–
insulator transition temperature following a large magnetic
entropy change near the ferromagnetic–paramagnetic phase
transition. Moreover, by means of measuring the low-
temperature magnetization, resistivity, and specific heat,
fundamental physical parameters such as the Fermi energy,
the density of states at the Fermi energy, and the Debye
temperature θD have been extracted experimentally. By fitting
the low-temperature magnetization, resistivity, and specific
heat as functions of temperature, electron–electron interaction
was found to be dominant at low temperature.
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