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We report on the magnetization, resistivity and magnetoresis-
tance (MR) measurements on polycrystalline Pr0.5Sr0.5MnO3.
Quenching samples from 14003C to room temperature in water
(sample I) or in air (sample II) leads to di4erent behaviors.
Powder X-ray di4raction patterns for samples I and II could be
indexed, respectively, in rhombohedral perovskite structure with
R3� c space group and in the orthorhombic one with Imma space
group. Magnetization measurements show that both samples
exhibit a paramagnetic+ferromagnetic transition at 280 K
(sample I) and 265 K (sample II). At low temperature, sample I
presents a ferromagnetic spin-canted state, while sample II
behaves as an antiferromagnet below 160 K. Resistivity and
magnetoresistance studies show a net di4erence as a function of
the quenching conditions. � 2002 Elsevier Science (USA)
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1. INTRODUCTION

With the discovery of the very large negative magneto-
resistance, a considerable interest has been focused on the
perovskite-type hole doped manganese oxides (1}7). Such
oxides with general formula ¸n

���
A

�
MnO

�
, where ¸n is

a trivalent rare-earth element and A is a divalent alkali-
earth one, exhibit an insulator}metal transition for 0.2(x
(0.5 which occurs near their Curie temperature ¹

�
.

Previous magnetic studies showed that Pr
���

Sr
���

MnO
�

exhibits two transitions versus temperature, from paramag-
netic (PM) state to ferromagnetic (FM) one at ¹

�
"265 K

and from FM to an antiferromagnetic (AFM) and charge-
ordered (CO) or orbital-ordered state at about 140 K (8}10).
However, other studies showed that the PM}FM transition
was followed by a decrease of the magnetization indicating
an FM spin-canted state (11). In order to study the e!ect of
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quenching on the electrical and magneto-transport pro-
perties of this sample, we have carried out magnetic and
electrical measurements on two Pr

���
Sr

���
MnO

�
samples,

one quenched in water and the other in air from 14003C to
room temperature.

2. EXPERIMENTAL

Powder samples of Pr
���

Sr
���

MnO
�

were prepared by
mixing Pr

	
O

��
, Mn



O

�
and SrCO

�
up to 99.9% purity in

the desired proportion according to the reaction

0.5Pr
	
O

��
#3SrCO

�
#3Mn



O

�

P6Pr
���

Sr
���

MnO
�
#� CO



.

The starting materials were intimately mixed in an agate
mortar and then heated in air at 10003C for 60 h. A system-
atic annealing at high temperature is necessary to ensure
a complete reaction. In fact, the powders are pressed into
pellets (of about 1 mm thickness) and sintered at 14003C in
air for 60 h with intermediate regrinding. Finally, the pellets
were rapidly quenched to room temperature in air or in
water (pellet inside the platinum crucible in water) without
contact between water and the pellet.

Phase purity, homogeneity, and cell dimensions were
determined by powder X-ray di!raction at room temper-
ature [Guinier-Hagg cameras with CrK� radiation for the
sample quenched in water (sample I) and di!ractometer
with Cu radiation for the sample quenched in air (sample II)
and Si powder as internal standard]. Unit-cell dimensions
were obtained by least-squares calculations.

The magnetization measurements versus temperature
with several magnetic applied "elds up to 8 T were recorded
by a vibrating sample magnetometer in the temperature
range 4.2}350 K.

Resistivity measurements as a function of the temperature
and the applied magnetic "eld were carried out on dense
ceramic pellets by the standard four-probe technique.
0022-4596/02 $35.00
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TABLE 1
Crystallographic Data for Both Pr0.5Sr0.5MnO3 Samples

Quenched in Water and in Air

Space
group a (A� ) b (A� ) c (A� ) a

�
(A� ) �

�
(3) < (A� �)

Sample I R3� c * * * 5.441 60.333 229.710
Sample II Imma 5.3971 5.3988 7.7748 * * 226.543
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3. RESULTS AND DISCUSSION

3.1. X-Ray Diwraction Analysis

X-ray di!raction patterns at room temperature of both
samples are shown in Fig. 1. Our samples are single phase
and have a perovskite structure. Sample I crystallizes in
rhombohedral structure with R3� c space group (11); how-
ever, sample II crystallizes in the orthorhombic symmetry
with Imma space group. This result has also been observed
by Rao et al. (12) and Wolfman et al. (13).

In Table 1 we list the crystallographic data for both
samples.

3.2. Magnetic Properties

In Fig. 2 we have plotted magnetization as a function of
temperature with an applied "eld of 500 Oe. Samples I and
II exhibit a PM}FM transition at 280 and 265 K, respec-
tively. This PM}FM transition is followed by an FM}AFM
FIG. 1. X-ray di!raction patterns for both samples: (a) sample I and
(b) sample II.
(antiferromagnetic) one at 160 K for sample II and by a de-
crease of the magnetization for sample I which may indicate
a spin-canted state at low temperature. The AFM state
observed in sample II is in concordance with previous work
on powder sample in an applied "eld of 0.01 T (10, 14). The
transition temperatures (PM}FM and FM}AFM) are
found to be 260 and 150 K, respectively. The di!erence in
the transition temperature values may be attributed to the
elaborating method.

A magnetization evolution versus temperature as in
sample I has been previously observed only on epitaxial
Pr

���
Sr

���
MnO

�
thin "lm (15) with a ¹

�
of 263 K.

In order to con"rm this di!erent behavior at low temper-
atures, we have carried out magnetization measurements as
a function of applied magnetic "eld up to 8 T at several
temperatures below ¹

�
. These measurements have been

plotted in Fig. 3. Our results con"rm the PM}FM
transition with spin-canted state at low temperatures for
FIG. 2. Evolution of magnetization as a function of temperature at
H"0.05 T for both samples.



FIG. 3. Magnetization evolution versus applied magnetic "eld for
several temperatures for both samples: (a) sample I and (b) sample II.

FIG. 4. The resistivity evolution as a function of temperature at
H"0 T for both samples: (a) sample I and (b) sample II.
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sample I (Fig. 3a) and the FM}AFM transition in the range
160 K(¹

�
(180 K for sample II (Fig. 3b). The AFM

behavior becomes more clear with decreasing temperature.
Two phases, one ferromagnetic, the other metamagnetic,
seem to coexist in the range 120}170 K. The energy di!er-
ence between the two phases decreases with temperature
and may be obtained roughly by M

�
�H

�
(M

�
is the mag-

netization of the ferromagnetic phase, and H
�

is the critical
"eld of the metamagnetic one).
We have reported more details on the magnetic behavior
of our two samples and the quenching e!ect on these pro-
perties elsewhere (16).

3.3. Electrical Properties

The resistivity measurements as a function of temperature
in zero "eld and in the temperature range 4.2}300 K in
cooling mode are shown in Fig. 4 for both samples. As we
can observe, the electrical properties are substantially di!er-
ent. These results underline the e!ect of quenching method
on these properties.

Using the sign of the resistivity d�/d¹ as a criterion, we
found that sample I exhibits three electrical behaviors as



FIG. 5. The resistivity evolution as a function of temperature at several
applied "elds for both samples: (a) sample I and (b) sample II.
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a function of temperature: a semiconductor behavior above
¹�+200 K followed by a metallic-like one in the temper-
ature range ¹

��
4¹4¹� and "nally a semiconducting

one below ¹
��

. ¹
��

is found to be 86 K. This sample is
ferromagnetic between ¹

��
and ¹� and becomes canted

ferromagnetic-semiconducting below ¹
��

. This semicon-
ducting behavior at low temperature can be explained by
the spin-canted state which leads to a di$cult charge trans-
fer between neighboring sites according to the double-ex-
change theory. For sample I we also observe that the
zero-"eld resistivity � (¹ ) reveals a thermal hysteresis in the
temperature range 50}150 K between the cooling and
warming-up modes. In the paramagnetic phase, the resistiv-
ity measurements can be "tted by a thermally activated
conduction indicating hopping polaron conduction
�"(k¹/ne
D) exp(E

����
/k¹) where eD/k¹ is the Einstein

di!usion mobility, n the carrier density, D the di!usion
constant and E

����
the hopping energy. The hopping energy

is found to be 0.09 eV. In the range between ¹
��

and ¹� ,
the long-range ferromagnetic order suppresses magnetic
polarons, and promotes the carrier hopping, which becomes
again hindered when the canted structure occurs.

For sample II, our resistivity measurements show
a semiconducting behavior in the whole temperature range
with three di!erent evolutions, above ¹� , for ¹

�
(¹(¹�

and below ¹
�

. The di!erence between the resistivity values
at low and room temperatures is quite high compared to
that obtained in sample I. In fact, the ratio of low temper-
ature to room temperature resistivity values is found to be
2�10
 and 5 for samples II and I, respectively, but on the
contrary, � at room temperature is 7 times higher for
sample I. We have "tted our resistivity data for ¹

�
(

¹(¹� and for ¹'¹� by the above law. The hopping
energy is found to be 39.6 and 70.1 meV for ¹

�
(¹(¹

�
and ¹'¹� , respectively. All these values are less than those
obtained for sample I. Although the polaron law seems to "t
the data, correctly another suitable law may be the Mott law
�"�

�
(¹

�
/¹)��� related to localization phenomena. ¹���

�
is

found to be 18.2 and 31.5 K��� for ¹
�

(¹(¹� and for
¹'¹� , respectively. Due to the restricted ranges of temper-
atures investigated, we are not able to decide for one or the
other law. Within the framework of localization, we will say
that for sample II, the localization is largest in the paramag-
netic range due to the magnetic disorder, it decreases below
¹

�
due to the onset of ferromagnetic state, leading to a band

splitting and to the reduction of localization energy for one
of the spin subbands. Nevertheless, the magnetic splitting is
not enough to bring the Fermi level below the mobility edge
for that subband; thus, we do not reach a metallic-like
regime. Below ¹

�
, the antiferromagnetic and charge-or-

dered state restores a semiconducting- like resistivity. The
stronger amplitude of the resistivity variations is due to
a much better charge- or orbital-ordered state, probably
linked to a better chemical order.
In order to study the e!ect of the magnetic applied "eld
on the transport properties, we have carried out resistivity
measurements as a function of temperature in several mag-
netic "elds up to 8 T in cooling mode. Our measurements
have been performed for sample II in the temperature range
50}300 K and only in the temperature range 120}300 K for
sample I. Our data have been plotted in Fig. 5. For sample I,
we observe a semiconductor}metal transition when the tem-
perature decreases, the same behavior as in zero applied
"eld. For sample II, a semiconducting behavior in the whole
temperature range is obtained. However, for H56 T, a
metallic-like behavior seems to appear below ¹� ; in fact, in



TABLE 2
Hopping Energy Data for Sample Quenched in Water

in the Paramagnetic Phase

H (T) E
����

(meV)

0 91.1
2 80.7
4 72.6
6 65.8
8 60.0

FIG. 6. Magnetoresistance evolution as a function of temperature for
both samples: (a) sample I and (b) sample II.

379EFFECT OF QUENCHING ON MAGNETORESISTANCE PROPERTIES
the temperature range ¹
�

(¹(¹� , there seems to be
a competition between a semiconducting and metallic-like
behavior. The metallic behavior overcomes the semicon-
ducting one when the applied "eld increases above 8 T.

The magnetic "eld induces a decrease in the maximum
resistivity value and an increase in the transition temper-
ature. Our data in the paramagnetic phase have been "tted
by the same law as above. The hopping energy decreases
with increasing magnetic "eld. In Table 2 we list the hop-
ping energy values.

On the other hand, for sample II, a semiconducting be-
havior remains in the whole temperature range; this
semiconducting behavior is characterized by three regions.
The magnetic applied "eld induces a decrease in the resistiv-
ity values and the ¹

�
shifts to lower values, which has been

explained previously through the energy di!erence between
the ferromagnetic and antiferromagnetic phases. Our data
for ¹

�
(¹(¹� and for ¹'¹� in a magnetic applied

"eld up to 6 T and for ¹'¹� at 8 T have been "tted using
the above law. In Table 3 we list the hopping energy values.

The hopping energy E
����

in both temperature ranges
decreases with increasing magnetic applied "eld. Both laws
indicated above cannot "t our resistivity data for ¹(

¹
�

because our sample exhibits an antiferromagnetic
behavior in this temperature range.

The magnetoresistance evolution versus temperature at
several applied magnetic "elds is illustrated in Fig. 6. The
magnetoresistance, de"ned as (�(H)-�(0))/�(0), increases
with increasing applied magnetic "eld and with decreasing
TABLE 3
Hopping Energy Data for Sample Quenched in Air

for TAF < T < T� and T > T�

E
����

(meV) E
����

(meV)
H (T) ¹

�
(K) ¹� (K) ¹

�
(¹(¹� ¹'¹�

0 180 260 39.6 70.1
2 170 230 32.1 44.7
4 150 220 23.9 37.5
6 130 210 16.5 32.7
8 120 200 * 27.2
temperature for both samples. It is found to be 60 and 95%
at low temperature and at 8 T for samples I and II,
respectively.

We thus obtain large, if not colossal, magnetoresistance
e!ects on both systems. In the case of air-quenched
sample II, the resistivity below ¹

�
strongly decreases under

"eld and an intermediate nearly metallic-like regime is ob-
tained above 6 T. In fact, we may have a coexistence of
ferromagnetic and AF regions. For annealed samples, it
should probably turn metallic. The transition temperature
¹

�
strongly decreases, as the application of "eld melts the

zero-"eld AF-CO state; the resistivity also strongly drops
following the canting angle or the proportion of ferromag-
netic phase; therefore, it is di$cult to explain this e!ect in
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terms of canting angle, or in terms of percolation through
ferromagnetic-ordered regions (17}20).

Coming back to sample I (quenched in water), the shapes
of the resistivity and MR curves versus temperature recall in
some way those found in granular materials. In this last
case, the scattering at grain boundaries is much larger than
that in grains themselves, the resistivity shows a maximum
well below the Curie point, and the intrinsic resistivity peak
at ¹

�
is often not visible, which is the case for sample I. We

may also note that the room temperature resistivity is
7 times larger than that for the air-quenched sample II. One
reason for the present behavior may probably be found in
the small grain structure of the water-quenched sample
(the crystallite size is about 2 �m for sample I and 4 �m for
sample II). The large MR observed below 200 K is for one
part due to melting of the incomplete AF charge-order
state, but may be due for another part to the contribution of
grain boundaries which remains signi"cant down to low
temperatures (21).

4. CONCLUSION

We have investigated the e!ect of quenching on the
magneto-transport properties of polycrystalline Pr

���
Sr

���
MnO

�
sample. Our studies show that these properties

strongly depend on the quenching conditions. While the
sample quenched in water presents a broad semiconduct-
ing}metallic transition well below ¹

�
followed by

a semiconductor behavior at low temperatures, the sample
quenched in air shows well-de"ned regimes in resistivity and
MR. Both exhibit, at low temperature and for an applied
"eld of 8 T, colossal magnetoresistance e!ects of 60 and
95% for samples I and II, respectively.
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