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Abstract Structural and electrical properties of the mixed-
valence monovalent doped manganites Pr0.6Sr0.4−xKxMnO3

(x = 0, 0.05 and 0.1), prepared using the conventional solid-
state synthesis method, have been investigated. Rietveld re-
finement of the X-ray diffraction patterns at room tempera-
ture shows a slight increase in unit cell volume with K con-
tent and confirms that all powder samples are single phase
and crystallize in the orthorhombic structure with Pnma
space group. Electrical resistivity measurements under and
without magnetic field show a transition from the metallic to
insulating behavior. The electrical conductivity is improved
with increasing K content. The resistivity data in metallic
region were fitted according to the electron–electron scatter-
ing process while in insulating region they were fitted using
the small polaron hopping SPH model and Mott’s variable
range hopping VRH model.
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1 Introduction

Present interest in mixed-valence manganese perovskites
with general formula T1−xRxMnO3 (T = rare-earth cation,
R = alkaline earth cation) is related to their colossal mag-
netoresistance (CMR), and their potential technological ap-
plication [1–3]. These compounds are characterized due to
their sensory electronic and magnetic properties, which are
dependent on mobile charge carriers, spin ordering, orbital
hybridization. The substitution in the A-site influences the
electronic and magnetic properties [4, 5]. Zener showed that
the metallic and ferromagnetic behavior in manganite can
be explained using the so called double exchange mecha-
nism (DE) [6] with mobile electrons eg traveling between
the Mn3+ and Mn4+ cations. However, it was suggested
that the DE model is not enough to explain the CMR phe-
nomenon. Some authors suggested that other factors such
as Jahn Teller [7], phase separation [8–10] are responsible
for the behavior observed in manganite. Several studies have
been performed on the effect of substitution in the A-site by
divalent elements (Ba, Ca) [11, 12]. Recently some authors
have reported that the substitution by monovalent element
can improve physical properties [13].

In previous studies we have reported that the Pr0.6Sr0.35

Na0.05MnO3 exhibits a metal–insulator behavior about
165 K [14, 15]. There have been no previous studies on
the effect of monovalent K-doping effect in the Pr0.6Sr0.4−x

KxMnO3 system. Each K atom converts Mn3+ ion to Mn4+
and varies the Mn3+/Mn4+ ratio. This results in a larger
charge carrier density due to the difference between the va-
lence of K+ and Sr2+ ions. In the present paper we are re-
porting a systematic investigation of structural and electri-
cal properties of monovalent K-doped series of manganites
with chemical compositional Pr0.6Sr0.4−xKxMnO3 (x = 0,
0.5 and 0.1).
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2 Experimental

Polycrystalline samples of Pr0.6Sr0.4−xKxMnO3 (x = 0,
0.05 and 0.1) were prepared using the conventional solid-
state reaction method. Stoichiometric ratio of Pr6O11,
SrCO3, K2CO3 and MnO2 (99.9 %) was mixed in an agate
mortar and then heated in air to 1000 °C for 60 h with inter-
mediate grinding. The obtained mixtures were then pressed
into pellets and sintered at 1100 °C in air for 60 h with inter-
mediate regrinding. Phase purity, homogeneity and cell di-
mensions were checked by X-ray diffraction studies at room
temperature with Cu-Kα radiation (1.54 Å) in the 2θ range
of 10–80 degrees. Structural analysis was carried out using
the standard Rietveld technique [16, 17]. The dc magneti-
zation was measured in a field of 100 Oe. The electrical re-
sistivity versus temperature was measured by the four probe
technique under zero field and a magnetic field of 1 T.

3 Structure

The X-ray diffraction patterns of Pr0.6Sr0.4−xKxMnO3 (x =
0, 0.05 and 0.1) shown in Fig. 1A confirms that all man-
ganites studied can be indexed in the orthorhombic struc-
ture with Pnma space group without any traces of secondary
phases. Figure 1B shows a typical plot of the refined pattern
for x = 0.1. Structural parameters obtained using Rietveld
analysis of the powder XRD data are given in Table 1. It
is worth to notice that the unit cell volume is found to in-
crease with increasing K content. This volume enhancement
is due to the larger ionic radius of K+ (1.64 Å) as compared
to that of Sr2+ (1.44 Å) [18]. A similar tendency is also ob-
served value for other monovalent doped Na-doped mangan-
ites with the Na+ ionic radius of 1.39 Å [14]. It is worth to
notice that the Mn–O–Mn angles are enhanced with K dop-
ing, whereas the Mn–O distances are slightly suppressed.

The average crystallite size evaluated from a width of
diffraction peaks using the Scherrer formula is found to be
41, 49 and 52 nm for x = 0, 0.05 and 0.1, respectively. We
should note that this value is slightly larger than observed
value for Na-doped Pr0.6Sr0.35Na0.05MnO3 manganite [14].

4 Magnetic Properties

The magnetization measured in a field of 100 Oe con-
firms the ferromagnetic ordering of the manganites studied
(Fig. 2). The low temperature magnetization becomes re-
duced with raising K content due to the enhanced
Mn4+/Mn3+ ratio. The Curie temperature determined by
the dM/dT minimum (not plotted) shifts from 310 K down
to 296 K for x varying from 0 to 0.1. It is worth to notice
that these Curie temperatures exactly coincide with those
reported for the poly- and single crystalline Pr0.6Sr0.4MnO3

manganites [19, 20].

5 Electrical Properties

The absolute values of electrical resistivity varied between
1.2 and 1.4 m� m at room temperature for our samples.
Temperature dependence of electrical resistivity ρ(T ) plot-
ted in Fig. 3 indicates a changeover from the low temper-
ature metallic-like behavior (dρ/dT > 0) below Tρ to the
semiconductor-like (dρ/dT < 0) above Tρ temperature cor-
responding to the maximum value of resistivity at H = 0 T.
The Tρ temperature diminishes from 184 down to 170 K,
when K content x varies from 0 to 0.1.

The Tρ temperature is more than 100 K lower than the
Curie temperature. Such a difference was reported for nu-
merous manganites. The Tρ temperature is found to de-
pend on a microstructure of the manganite as shown for the
nanocrystalline manganites studied with the poly- and sin-
gle crystalline ones [19, 20]. In the Pr0.6Sr0.4MnO3 single
crystal the metallic behavior was observed up to 400 K and
the temperature derivative of resistivity has a maximum at
Curie temperature [20].

In Fig. 4 we have plotted the temperature dependence
of the electrical resistivity measured at 0 and 1 T magnetic
field. We observe a reduction in resistivity magnitude seen
in a whole temperature range for H = 1 T. This observa-
tion suggests that potassium facilitates electrical conductiv-
ity most probably within the grain boundaries, which was
also found in various oxide materials. Magnetic field of 1 T
shifts Tρ to about 194 K almost independently of x.

Electrical resistivity in ferromagnetic metallic phase (be-
low Tρ ) was numerically fitted by the formula

ρ(T ) = ρ0 + AT 2 (1)

where ρ0 is a temperature independent low temperature re-
sistivity due to the scattering by impurities, grain bound-
aries, domain walls [21]. The A term is ascribed to the
electron-electron or single magnon scattering [22, 23]. The
obtained values from the best fit of resistivity data are sum-
marized in Table 2. The ρ0 and parameters are found to de-
crease with increasing K content. The observed reduction of
A parameter by a magnetic field of 1 T can be explained by
the weakening of spin fluctuation in a presence of external
field.

The temperature dependence of electrical resistivity in
semiconducting phase (above Tρ ) was analyzed and com-
pared with the Small Polaron Hopping (SPH) and Mott’s
Variable Range Hopping (VRH) models [24, 25]. For the
SPH model, the electrical resistivity can be approximated
by the following equation:

ρ = BT exp(Ea/kBT ) (2)

where Ea is the activation energy and B is a constant. Ac-
cording to the VRH model the electrical resistivity is ex-
pressed by the formula

ρ = R exp(T0/T )1/4 (3)
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Fig. 1 (a) The X-ray diffraction
pattern of Pr0.6Sr0.4−xKxMnO3
(x = 0, 0.05 and 0.1). (b) The
indexed X-ray diffraction
pattern of Pr0.6Sr0.K0.1MnO3

(a)

(b)
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Table 1 Structural data of Pr0.6Sr0.4−xKxMnO3 (x = 0, 0.05 and 0.1)

Parameters x = 0 x = 0.05 x = 0.1

a (Å) 5.4422 5.4426 5.4427

b (Å) 7.6744 7.6775 7.6783

c (Å) 5.4856 5.4838 5.4839

V (Å3) 229.108(1) 229.143(6) 229.174(9)

Mn–O1 (Å) 1.948(5) 1.947(6) 1.946(9)

Mn–O2 (Å) 1.984(8) 1.967(1) 1.9601(2)

Mn–O2 (Å) 1.961(8) 1.957(1) 1.951(4)

Mn–O1–Mn (°) 159.897(8) 161.841(1) 161.89(8)

Mn–O2–Mn (°) 162.99(4) 163.301(1) 163.85(3)

χ2 1.25 1.17 1.26

Crystallite size (nm) 41 49 52

Fig. 2 Temperature variation of magnetization M(T ) for Pr0.6Sr0.4−x

KxMnO3 manganite measured in a field of 100 Oe

Fig. 3 Temperature dependence of electrical resistivity of Pr0.6Sr0.4−x

KxMnO3 (x = 0, 0.05 and 0.1) measured in zero magnetic field

Fig. 4 Temperature dependence of electrical resistivity of
Pr0.6Sr0.4−xKxMnO3 (x = 0, 0.05 and 0.1) measured in mag-
netic applied field of 0 and 1 T

where R is the Mott residual resistivity and T0 the Mott char-
acteristic temperature related to carrier localization length
[25]. The collected resistivity data were fitted by the two
above models and the resulting parameters are listed in Ta-
ble 3. The reliability factors are very close for both models
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Table 2 Electrical resistivity fitting parameters in metallic phase of
Pr0.6Sr0.4−xKxMnO3 (x = 0, 0.05 and 0.1)

x ρ0 (m� m) A (10−5 m� m K−2)

H = 0 T H = 1 T H = 0 T H = 1 T

0 1.38 1.33 5.16 2.8

0.05 1.17 0.97 3.36 2.96

0.1 0.91 0.81 3.57 2.01

Table 3 Electrical resistivity fitting parameters in semiconducting
phase of Pr0.6Sr0.4−xKxMnO3 (x = 0, 0.05 and 0.1)

x T0 (105 K) Ea (meV)

H = 0 T H = 1 T H = 0 T H = 1 T

0 8.10 4.59 75 68

0.05 7.07 5.71 68 59

0.1 5.41 4.35 63 57

Fig. 5 Temperature dependence of magnetoresistance of Pr0.6Sr0.4−x

KxMnO3 samples

tested and they do not point to the better one. The obtained
values of Ea and T0 from the fitting (Table 3) are character-
istic for manganites and decrease with increasing the mag-
netic applied field to 1 T. Such behavior can be attributed
to the suppression of the transport energy barriers under the
influence of magnetic field. The derived activation energies
Ea are characteristic for manganites. The T0 values coincide
with those reported for La0.85Ag0.15MnO3 [26].

The coexistence of ferromagnetism and metallic conduc-
tivity causes the relatively strong effect of negative magne-
toresistance (MR) in manganites. The negative magnetore-
sistance effect is defined as

MR = �ρ

ρ
= ρ(H) − ρ(0)

ρ(0)
(4)

where ρ(H) and ρ(0) are the resistivities at magnetic field
H and at zero field, respectively. Figure 5 shows the tem-
perature evolution of MR for an applied magnetic field of
1 T for all our samples. For x = 0 and 0.1 the MR reaches
about 17 to 19 % at 20 K and gradually decays around room
temperature. The MR plot for x = 0.05 is distinguished
by a peak at 200 K. In contrast to the single crystal of
Pr0.6Sr0.4MnO3 manganite [20] the manganites studied do
not exhibit MR peak in vicinity of Curie temperature. The
strong MR effect observed at low temperature can be re-
lated the extrinsic MR effect involving spin polarized tun-
neling between grains or spin dependent scattering of polar-
ized electrons at grain boundaries [14].

Summarizing one may notice that the Pr0.6Sr0.4−xKx

MnO3 manganites retain the orthorhombic structure up to
10 % potassium doping. The electrical conductivity be-
comes improved by K doping and the Tρ temperature is
shifted more than 100 K than below the Curie temperature.
The negative magnetoresistance effect attains 17 to 22 % at
20 K depending on composition.
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