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The praseodymium de5ciency e4ects on the structural,
magnetic, and electrical properties of the lacunar perovskite
manganite oxides Pr0.72xKxSr0.3MnO3 (04x40.23) have been
investigated. This study is of great interest because it gives more
information on the role of the Mn cation oxidation degree.
Powder X-ray di4raction patterns are indexed in the rhombohed-
ral perovskite structure with the R31 c space group for x 5 0 to 0.1
and in the orthorhombic one with the Pbnm space group for
x 5 0.15 to 0.23. Magnetization and resistivity measurements
versus temperature show that all of our samples exhibit
a semiconducting paramagnetic+metallic ferromagnetic
transition when the temperature decreases. ( 2001 Academic Press
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I. INTRODUCTION

With the discovery of the large negative magnetoresis-
tance in the perovskite manganite oxides of general formula
¸n

1~x
M

x
MnO

3
, where ¸n is a trivalent rare-earth and M is

a divalent alkaline-earth, interest has been focused on the
study of the structural and physical properties of the related
systems (1}7). The interplay between electrical transport
and ferromagnetism in these systems was traditionally inter-
preted within the framework of a double-exchange (DE)
interaction (8}10). This DE considers the magnetic coupling
between Mn3` and Mn4` ions as resulting from the motion
of an electron between two partially "lled d shells with
strong on-site Hund's coupling. However, recent studies
have shown that the DE alone cannot explain the behaviors
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observed in these systems and suggested that other e!ects
play a crucial role, such as charge ordering, average A-site
cationic radius Sr

A
T (11}13), the A-site cationic size mis-

match (14, 15), the oxygen de"ciency (16}18), and the polar-
on e!ect due to the strong electron}phonon interaction
arising from the Jahn}Teller distortion (19). These systems
have been given much attention because they could possibly
be used for sensor applications (20, 21), and especially to
increase data storage by increasing the sensitivity of hard
drive read heads (22). Due to the vast technological possibil-
ity of GMR devices, and the interest in the origin of the
mechanism of this e!ect, a great deal of e!ort is being
devoted to the search for materials exhibiting this important
property. Thus, many studies are being performed on the
transport and magnetic properties of these materials. The
e!ects of divalent alkaline-earth elements substitution in the
stoichiometric perovskite manganites ¸n

1~x
M

x
MnO

3
have

been extensively studied (11, 23}25). These studies showed
that the Curie temperature ¹

C
and the magnetoresistance

e!ects are optimized for a Mn4` content of about 30%.
However, only a few studies have been done on de"ciency
e!ects in lacunar systems (26}28). De"ciencies in the
perovskite A-site lead to an increase in the Mn4` content.
Recent studies on the strontium de"ciency e!ects in
Pr

0.7
Sr

0.3~x
K

x
MnO

3
(29) showed a structural transition

from a rhombohedral to an orthorhombic system for
x'0.2 and a decrease in the Curie temperature ¹

C
with

increasing de"ciency content. In order to study the praseo-
dymium vacancy e!ects in Pr

0.7
Sr

0.3
MnO

3
, we investigate

the structural, magnetic, and electrical properties in the
Pr

0.7~x
K

x
Sr

0.3
MnO

3
lacunar system. In such systems,

the divalent element content is "xed at 30%, and praseo-
dymium vacancies imply an increase of the Mn4` content
beyond 30% and also a change in the average ionic radius
Sr

A
T of the A-site.



FIG. 1. X-ray di!raction powder patterns for some perovskite
Pr

0.7~x
K

x
Sr

0.3
MnO

3
samples. (a) x"0; (b) x"0.05; (c) x"0.1, (d)

x"0.2. O, orthorhombic; R, rhombohedral.
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II. EXPERIMENTAL

Powder samples Pr
0.7~x

K
x
Sr

0.3
MnO

3
(04x40.23)

are prepared by mixing Pr
6
O

11
, Mn

2
O

3
, and SrCO

3
up to

99.9% purity in the desired proportion according to the
following reaction:

(0.7!x)Pr
6
O

11
#1.8SrCO

3
#3Mn

2
O

3

P6Pr
0.7~x

K
x
Sr

0.3
MnO

3
#dCO

2
.

The starting materials are mixed in an agate mortar and
then heated in air at 10003C for 60 hours. Systematic an-
nealing at high temperature is necessary to ensure a com-
plete reaction. In fact, the powders are pressed into pellets
(of about 1 mm thickness) and sintered at 14003C in air for
60 hours with intermediate regrinding and repelling. Finally
these pellets are rapidly quenched in water.

Phase purity, homogeneity, and cell dimensions are deter-
mined by powder X-ray di!raction at room temperature
(di!ractometry using Fe radiation and Si powder as internal
standard). Unit cell dimensions are obtained by least-
squares calculations.

Magnetization measurements versus temperature are re-
corded by using a vibrating sample magnetometer in the
temperature range 10}350 K, using an applied "eld of 500
Oe.

Resistivity measurements are performed using the con-
ventional four-probe method in the Earth's magnetic "eld.

III. RESULTS AND DISCUSSION

1. X-ray Diwraction Analysis

X-ray patterns at room temperature of some samples are
shown in Fig. 1. All of our samples are in a single phase;
however, for high x values, we remark the presence of
di!raction peaks with very small intensities, which are at-
tributed to traces of Mn

3
O

4
.

Structural study shows that all of the samples have a
perovskite structure with di!erent distortion degrees.
TABL
Crystallographic Data for P

x Symmetrya a
r
(As ) a

r
(3)

0.00 R 5.468(5) 60.09(3)
0.05 R 5.464(7) 60.12(4)
0.10 R 5.461(5) 60.15(3)
0.15 O * *

0.20 O * *

0.23 O * *

aO, orthorhombic; R, rhombohedral.
Samples corresponding to x"0 to 0.1 crystallize in a rhom-
bohedral structure with the R31 c space group, while samples
with 0.154x40.23 crystallize in orthorhombic symmetry
with the Pbnm space group. Sample purity and composition
were checked by both electron di!raction scanning and
neutron di!raction. Neutron di!raction investigations,
which con"rmed the Pr de"ciency and the oxygen
stoichiometry in our samples, will be published elsewhere.

In Table 1, we list the lattice parameters and the unit cell
volume of Pr

0.7~x
K

x
Sr

0.3
MnO

3
samples. The room tem-

perature unit cell volume (<) is systematically decreased as
the vacancies content increases.
E 1
r0.72xKxSr0.3MnO3 Samples

a (As ) b (As ) c (As ) < (As 3)

* * * 232.15
* * * 231.614
* * * 231.342

5.4542(7) 5.4670(7) 7.7114(6) 229.939
5.4822(5) 5.443(6) 7.6944(5) 229.602
5.4586(3) 5.4433(4) 7.6729(3) 227.980



FIG. 3. Magnetization evolution as a function of magnetic applied
"eld at ¹"4 K for both samples Pr

0.7
Sr

0.3
MnO

3
(x"0) and

Pr
0.6

K
0.1

Sr
0.3

MnO
3

(x"0.1).
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Praseodymium de"ciency implies a conversion of Mn3`

to Mn4` with smaller ionic radius [r(Mn4`)"0.68 As and
r(Mn3`)"0.785 As (30)] and a change in the average ionic
radius of the A-site. For electrostatic considerations, a va-
cancy must have an average radius Sr

V
TO0. A previous

study on lacunar Pr
0.7

Sr
0.3~x

K
x
MnO

3
showed that stron-

tium de"ciency leads to a strong contraction of the unit cell
(29). This result indicates that the vacancy average radius
Sr

V
T is surely smaller than that of the Sr2` ion (1.31 As ).

However, this vacancy average radius Sr
V
T may be larger

than that of the Pr3` ion (1.179 As ). In fact, for a given Mn4`

content (60%), a strontium de"ciency (Pr
0.7

Sr
0.15

K
0.15

MnO
3
) (29) leads to smaller unit cell than a praseodymium

one (Pr
0.6

K
0.1

Sr
0.3

MnO
3
).

It is important to specify that for x"0.15 the lattice
parameters verify c/J2(a(b, corresponding to the
O@-type structure, while for x"0.2 and 0.23 these para-
meters verify c/J2(b(a. Such a result where a and b are
found to be reversed (a'b) has been mentioned by Knizek
et al. for x50.3 in the Pr

1~x
Sr

x
MnO

3
system (23), and by

Dabrowski et al. in La
0.87

Sr
0.13

MnO
3

as a function of
temperature (31). It has been also observed by Ritter et al. in
La MnO

3`d as a function of oxygen content (32).
The orthorhombic phase presents a ratio c/a(J2 char-

acteristic of a cooperative Jahn}Teller deformation.

2. Magnetic Properties

We have plotted in Fig. 2 the magnetization evolution
versus temperature with an applied "eld of 500 Oe for the
Pr

0.7~x
K

x
Sr

0.3
MnO

3
system. These curves show that all

samples exhibit a paramagnetic (PM)-to-ferromagnetic
(FM) transition when the temperature decreases. All of the
M(¹) curves present an anomaly at about 60 K which can
FIG. 2. Magnetization of Pr
0.7~x

K
x
Sr

0.3
MnO

3
samples as a function

of temperature at H"500 Oe.
be attributed to the apparatus; in fact, we observe such an
anomaly in all of our measurements.

The spontaneous magnetization for both samples
Pr

0.7
Sr

0.3
MnO

3
and Pr

0.6
K

0.1
Sr

0.3
MnO

3
, deduced from

the magnetization evolution as a function of the magnetic
applied "eld at ¹"4 K (Fig. 3), is found to be 3.76 k

B
and

3.38 k
B
, respectively. These values are very closed to that

obtained theoretically for full spin alignment and given by
2(4

2
]0.7#3

2
]0.3)"3.7 k

B
for Pr

0.7
Sr

0.3
MnO

3
and

2(4
2
]0.4#3

2
]0.6)"3.4 k

B
for Pr

0.6
K

0.1
Sr

0.3
MnO

3
. This

result con"rms that our samples are not substoichiometric
in oxygen.

Figure 4 shows the Curie temperature ¹
C

evolution ver-
sus x. The Curie temperature ¹

C
increases with increasing

x from 265 K (x"0) to 315 K (x"0.23).
The Curie temperature ¹

C
increase, with the Mn4` con-

tent beyond 30%, is not in concordance with previous work
on lanthanum- or praseodymium-substituted perovskite
manganites which showed that ¹

C
exhibits a maximum at
FIG. 4. Transition temperature ¹
C

as a function of x.



FIG. 5. Resistivity of Pr
0.7~x

K
x
Sr

0.3
MnO

3
samples as a function of

temperature.
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about 33% Mn4` content corresponding to the maximum
of the double-exchange interactions (24, 25, 33). It is also
not in concordance with previous work on lacunar
Pr

0.7
Sr

0.3~x
K

x
MnO

3
samples where ¹

C
was found to de-

crease with increasing strontium vacancy content (29). Such
a result has never been observed in praseodymium perov-
skite manganites. Indeed, the highest ¹

C
known to date in

these compounds is about of 280 K obtained for 33% Mn4`

(24, 25), while our magnetic measurements show that some
lacunar samples are ferromagnetic at room temperature
(¹

C
"315 K for x"0.23). The ferromagnetism in these

compounds with high Mn4` content beyond 50% is not
only governed by the Mn4`/Mn3` ratio; it cannot be
explained only in terms of double-exchange interactions.
In fact, for a given Mn4` content (60%), the ¹

C
is found

to be 150 K (29) and 290 K for both lacunar
Pr

0.7
Sr

0.15
K

0.15
MnO

3
and Pr

0.6
K

0.1
Sr

0.3
MnO

3
samples,

respectively. Consequently, there are surely other factors
which lead to such properties as the average ionic radius
Sr

A
T e!ect. As a vacancy must have an average radius

Sr
V
TO0, the ¹

C
decrease with increasing strontium de"-

ciency in the lacunar Pr
0.7

Sr
0.3~x

K
x

MnO
3

samples (29)
and the ¹

C
increase with increasing praseodymium de"-

ciency in the lacunar Pr
0.7~x

K
x
Sr

0.3
MnO

3
samples can be

explained according to Hwang et al. (34) with a vacancy
average radius Sr

V
T smaller than the radius of Sr2` (1.31 As )

and larger than that of Pr3` (1.179 As ).

3. Electrical Properties

Figure 5 reproduces the temperature dependence of the
zero-"eld resistivity o(¹) in the polycrystalline samples.
Using the sign of the temperature coe$cient of resistivity
do/d¹ as a criterion (do/d¹(0 for a semiconductor-like
system and do/d¹'0 for a metallic system), we found that
all the samples are metallic-like at low temperatures
(¹(¹o) and semiconductor-like above ¹o (¹o corresponds
to the maximum value of the resistivity).

It is important to indicate that the resistivity values of the
stoichiometric sample Pr

0.7
Sr

0.3
MnO

3
are about 10~2

smaller than those measured in the lacunar ones. This result
is in concordance with previous work on some lanthanum
(35) and praseodymium (24, 25) stoichiometric manga-
nites and also on praseodymium lacunar manganites
Pr

0.7
Sr

0.3~x
K

x
MnO

3
(29), which showed an increase in the

resistivity values as a function of the Mn4` content above
30%.

We show in Fig. 6 the correlation between resistivity and
magnetization evolutions versus temperature for various
samples (04x40.23). These curves show a steep decrease
of resistivity in accord with the onset of the ferromagnetic
magnetization. Thus, the resistivity temperature depend-
ence can be interpreted in terms of the carrier scattering by
thermal spin #uctuation as well as the decrease of the
hole-carrier (8}10, 36, 37). The electron (hole) transfer (t
ij
)

between the neighboring sites depends on the relative angle
(*h

ij
) of the local spins in such manner as t

ij
"t

0
cos (*h

ij
/2)

(9). The ferromagnetic spin arrangement reduces the ran-
domness of the transfer.

In the stoichiometric sample, the metallic}semiconduct-
ing transition occurs at the same temperature as the fer-
romagnetic}paramagnetic one, which indicates a strong
correlation between magnetic and electrical properties. In
the lacunar samples, a di!erence between the insulator
metal and the magnetic transition temperatures has been
observed. This di!erence becomes much larger with increas-
ing vacancy content. This e!ect (the lowering of ¹o) can be
explained in terms of grain boundary e!ects (38) or in-
homogeneity and especially for high x values.

In the ferromagnetic region, the temperature dependence
of the resistivity of our samples (04x40.23) is described
as a quadratic function of the temperature, o (¹)"
o(0)#A¹2 (Fig. 7). This result suggests an important role
for the electron}electron scattering process associated with
spin #uctuation. A similar result has been reported by
Urushibara et al. (37) for La

1~x
Sr

x
MnO

3
single crystals and



FIG. 6. Correlation between the temperature dependence of resistivity and magnetization for Pr
0.7~x

K
x
Sr

0.3
MnO

3
.
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by Boujelben et al. (25) for Pr
1~x

Sr
x
MnO

3
polycrystalline

samples.
In the semiconducting paramagnetic state (¹'¹

C
),

transport properties in the manganites are still a matter of
controversy as numerous groups have reported di!erent
behaviors. Resistivity data can be "tted with

(i) a purely activated law o"o
0
exp(E

!
/k¹), where E

!
is

the gap energy;
FIG. 7. Temperature dependence of the resistivity in the low-temper-
ature region (¹(200 K) for Pr

0.7~x
K

x
Sr

0.3
MnO

3
(04x40.23).
(ii) a thermally activated conduction indicating hopping
polaron conduction o"(k¹/ne2D) exp(E

)01
/k¹), where

eD/k¹ is the Einstein di!usion mobility, n is the carrier
density, D is the polaron di!usion constant, and E

)01
is the

hopping energy;
(iii) Mott's variable range hopping expression

o"o
0

exp(¹
0
/¹)1@4, where the Mott parameter (¹1@4

0
) is

proportional to the Mott localization energy.
Table 2 shows the "t results of the resistivity data in the

paramagnetic state using the above laws. These results
FIG. 8. Evolution of the activated energy as a function of the vacancy
content.



TABLE 2
Fit Results for Pr0.72xKxSr0.3MnO3 Samples Deduced from the Three Activated Laws

x"0 x"0.05 x"0.1 x"0.15 x"0.2 x"0.23

E
!

(meV) 70.8 176.90 150.54 100.48 62.73 53.77
(i) (R"0.9996) (R"0.9973) (R"0.9949) (R"0.9800) (R"0.9815) (R"0.9905)
E
)01

(meV) 94.2 199.34 173.73 137.18 85.88 77.15
(ii) (R"0.9994) (R"0.9977) (R"0.9960) (R"0.9909) (R"0.9946) (R"0.9905)
(¹1@4

0
) (K1@4) 49.73 127.96 106.22 74.60 44.33 37.73

(iii) (R"0.9995) (R"0.9983) (R"0.9960) (R"0.9835) (R"0.9916) (R"0.9829)
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show that our resistivity data can be well "t by all of
them and it is really di$cult to distinguish among the three
laws.

We report in Fig. 8 the evolution of the activated, the
hopping, and the Mott localization energy versus x. We
observe an increase of the energy for 04x40.05 followed
by a decrease when x increases from 0.05 to 0.23. This
decrease for x'0.05 may be explained by an inhomogene-
ity in the samples which leads to two kinds of regions: highly
defective and nearly stoichiometric. The carriers percolate
through the nearly stoichiometric region, leading to an
energy decrease.

IV. CONCLUSION

We have investigated the praseodymium vacancy e!ects
on the structural, magnetic, and electrical properties of
Pr

0.7~x
K

x
Sr

0.3
MnO

3
powder samples. These studies show

that the structural and magnetic properties are closely cor-
related with the vacancy content and eventually with the
average cation size Sr

A
T.

These samples crystallize in the rhombohedral structure
for x"0 to 0.1 and in the orthorhombic one for x50.15.
The magnetic measurements show that these samples ex-
hibit a ferromagnetic behavior below ¹

C
which shifts to

higher temperature from 265 K to 315 K with increasing
x from 0 to 0.23. The electrical investigations show a metal-
lic}semiconducting transition for all samples (04x40.23).
The transition temperature ¹o exhibits a behavior similar to
that of ¹8

C
and shifts slightly to higher values with increasing

praseodymium de"ciency content.
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