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Abstract We studied the effect of Bi doping in the A-site

on the structural, magnetic, and magneto-caloric properties

of the (Pr1 ) xBix)0.6Sr0.4MnO3 (0 £ x £ 0.4) perovskite

manganese oxides. In this study, the average ionic

radius \ rA[of the A cation site was systematically varied

while keeping fixed the carrier concentration (Mn3 + /Mn4+

ratio). All our samples have been elaborated by the con-

ventional solid state reaction at high temperature. X-ray

powder diffraction at room temperature showed that all our

synthesized samples are single phase and crystallize in the

orthorhombic system with Pbnm space group. The unit cell

volume decreases linearly with increasing Bi content.

Magnetization measurements versus temperature in a

magnetic applied field of 50 mT show that all our samples

exhibit a paramagnetic to ferromagnetic transition when

temperature decreases. The Curie temperature TC decreases

from 310 K for x = 0 to 252 K for x = 0.4.The critical

exponent c defined by MspðTÞ ¼ Mspð0Þ 1� T=TCð Þc and

deduced from M(H) curves is found to be 0.315 for

Pr0.54Bi0.06Sr0.4MnO3 sample. Furthermore, a large mag-

netocaloric effect near TC has been detected with a

maximum of magneto-entropy change, of 1.11 Jkg)1 K)1

and 4.78 Jkg)1 K)1at 1 T and 7 T, respectively, for

Pr0.54Bi0.06Sr0.4MnO3 sample.

Introduction

The discovery of colossal magnetoresistance effects in

perovskite manganese oxides with general formula

Ln1 ) xAxMnO3 (Ln is a trivalent rare earth element and A

is a divalent alkaline-earth or a monovalent alkali metal)

has attracted considerable attention during the last decade.

These materials exhibit many significant properties like

metal–insulator transition, ferromagnetic-paramagnetic

phase change, charge and orbital ordering, etc. depending

on the charge density, temperature and atomic structure [1–

6]. The average ionic radius \ rA[of the A-cation site [7],

the mismatch effect [8], the vacancy in the A and B sites,

the polaron effect due to the strong electron–phonon cou-

pling arising from Jahn–Teller distortions [9] and the

oxygen stoichiometry [10–12] play also a crucial role.

The electrical and magnetic properties had been under-

stood within a framework of the double exchange model

[13–14]. The motion of the eg electron can be strongly

influenced by the average ionic radius of the A site which

exhibits a closed relationship between the bending of the

Mn-O-Mn bond angle and the narrowing of the electronic

band width [15].

The parent compound Pr0.6Sr0.4MnO3 exhibits a

paramagnetic-semiconductor to ferromagnetic–metallic

transition with decreasing temperature [16–17]. The Curie

temperature TC is found to be 310 K. Previous work on the

effect of the Bi-doping in the B-site on the physical

properties of Pr0.6Sr0.4Mn1 ) xBixO3 (0 £ x £ 0.2) powder

samples [18] showed that the Bi doping leads to a weak-

ening of the ferromagnetic ordering at low temperature and

the Curie temperature TC decreases from 310 K for x = 0.0

to 225 K for x = 0.2.

In this article, we studied the structural, magnetic,

and magneto-caloric properties of (Pr1 ) xBix)0.6Sr0.4MnO3
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de Sfax, B.P. 802, 3018 Sfax, Tunisia

e-mail: abdcheikhrouhou@yahoo.fr

A. Cheikhrouhou

Laboratoire de Magnétisme Louis NEEL, B.P. 166, 38042

Grenoble Cedex 9, France

123

J Mater Sci (2008) 43:960–966

DOI 10.1007/s10853-007-2194-5



powder samples with 0 £ x £ 0.4. In these systems the

Mn4+ content remains constant equal to 40%, however the

average ionic radius of the A cation decreases with

increasing Bi doping from 1.231Å for x = 0 to 1.229Å for

x = 0.4.

Experimental

Polycrystalline (Pr1 ) xBix)0.6Sr0.4MnO3 (0 £ x £ 0.4)

compounds were prepared by the conventional solid-state

reaction method in air at high temperature by mixing

Pr6O11, Bi2O3, SrCO3, and MnO2 up to 99.9% purity in the

desired proportion according the following reaction:

0:6ð1� xÞPr6O11 þ 1:8xBi2O3 þ 2:4SrCO3

þ 6MnO2 �! 6ðPr1�xBixÞ0:6Sr0:4MnO3 þ dCO2

The starting materials, Pr6O11, Bi2O3, SrCO3, and

MnO2, weighted in the stoichiometric proportions, were

intimately mixed in an agate mortar and heated in air at

1,000 K for 72 h. After grinding, the powders were pressed

into pellets forms (of about 1 mm thickness and 13 mm

diameter) under 4 tons/cm2 and sintered at 1,400�C in air

for 3 days with intermediate regrinding and repelling.

Finally, the pellets were rapidly quenched to room tem-

perature in air. This step was carried out in order to

conserve the structure at the annealed temperature.

Phase purity, homogeneity, and cell dimensions were

determined by X-ray powder diffraction at room temperature

(diffractometer using Cu-Ka radiation, k = 1.5418Å) and

20� £ 2h £ 120� with steps of 0.017�. The structure refine-

ment was carried out using the Rietveld technique [19].

Magnetization measurements versus temperature and

versus magnetic applied field up to 7 T were recorded

using an extraction magnetometer in the temperature range

20–300 K.

Results and discussion

In order to check the Mn4+ content in our samples, we

performed chemical analysis on our samples. We list in

Table 1 the chemical analysis results. The experimental

results showed that the Mn4+ content remains constant for

all the samples indicating that the bismuth in our samples is

effectively in the trivalent sate.

Structural analysis at room temperature showed that all

our synthesized samples (Pr1 ) xBix)0.6Sr0.4MnO3 (0 £ x £
0.4) are single-phase and crystallize in the orthorhombic

perovskite structure with Pbnm space group. By Bi doping

in the A cation-site no apparent structural changes can be

identified. Structure refinements using the Rietveld method

have been achieved with the Fullprof program [20]. Fig-

ure 1 shows the X-ray diffraction patterns (measured,

calculated and Bragg reflection positions) at room tem-

perature for (Pr1 ) xBix)0.6Sr0.4MnO3 samples (x = 0 and

0.4). A good fit between the observed and the calculated

profiles was obtained. The difference observed between the

intensities of the measured and calculated diffraction lines

can be attributed to the existence of preferential orientation

of the crystallites in the samples. Details of the refined

results are summarized in Table 2. With increasing Bi

Fig. 1 X-ray powder diffraction pattern and refinement at room

temperature for (a) Pr0.6Sr0.4MnO3 and (b) Pr0.36Bi0.24Sr0.4MnO3

samples

Table 1 Chemical analysis results for (Pr1 ) xBix)0.6Sr0.4MnO3

samples

X Mn4+ (Th) Mn4+ (Exp) Relative error(%)

0.00 0.40 40.88 +2.2

0.10 0.40 38.88 )2.8

0.20 0.40 41.38 +3.4

0.30 0.40 39.19 )2

0.40 0.40 41.21 +3
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content, a and c lattice parameters decrease while b lattice

parameter remains almost constant. We plot in Fig. 2 the

evolution of the cell parameters as a function of Bi content.

Bismuth doping leads to a slight decrease of the unit cell

volume, it decreases linearly from 229.76Å3 for x = 0 to

227.59 Å3 for x = 0.4 (Fig. 2). This behavior can be

explained by the decrease of the average ionic radius of the

A cation site, in fact the ionic radius of Bi3+ (1.170Å) is

smaller the Pr3+(1.179Å) one. The average ionic radius

of the A-cation site, given by \ rA[ = 0.6(1 ) x)

r(Pr3+) + 0.6x r(Bi3+) + 0.4 r(Sr2+), decreases from 1.231Å

for x = 0 to 1.229Å for x = 0.4

The decrease of the cell parameters is linked to the

decrease of the Mn–O distances (denoted by dB–O1 and dB–

O2) and the (Mn)–(Pr/Bi) distances (denoted by dB–A). The

distances dB–O1, dB–O2, dB–A, and the angles B–O–B, O–B–

O refined for the different samples are listed in Table 3.

The influence of the ionic radius of the A site can be

Table 2 Crystallographic data

for (Pr1 ) xBix)0.6Sr0.4MnO3

samples

Samples x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4

a (Å) 5.4500(0) 5.4424(9) 5.4410(9) 5.4382(3) 5.4350(3)

b (Å) 5.4803(6) 5.4846(3) 5.4860(1) 5.4802(8) 5.4807(6)

c (Å) 7.6926(4) 7.6726(9) 7.6589(1) 7.6496(2) 7.6403(8)

Volume*(Å3) 229.76 229.03 228.61 227.98 227.59

Pr/Sr/ Bi

x 0.49623 0.50538 0.50330 0.51140 0.50780

y 0.00117 0.00340 0.00093 )0.00160 0.00012

z 0.25000 0.25000 0.25000 0.25000 0.25000

Biso (Å2) 0.99294 1.19548 0.91267 0.80865 0.20072

Mn

x 0 0 0 0 0

y 0 0 0 0 0

z 0 0 0 0 0

Biso (Å2) 0.86617 0.89472 0.66561 0.33507 0.76105

O (1)

x 0.49264 0.49495 0.50756 0.48971 0.50854

y 0.43285 0.54509 0.54006 0.52812 0.47411

z 0.25000 0.25000 0.25000 0.25000 0.25000

Biso (Å2) 0.16546 1.16406 0.41960 0.74641 0.44393

O (2)

x 0.27830 0.24876 0.23275 0.22830 0.22028

y 0.22727 0.22369 0.21568 0.21443 0.20943

z 0.03788 0.02712 0.03098 0.00757 0.02561

Biso (Å2) 0.16546 1.16406 0.41960 0.74641 0.44393

Residues of refinement

Rp(%) 2.45 1.90 2.07 2.23 2.22

RWP(%) 3.64 2.50 2.72 3.09 3.12

RF (%) 2.51 2.49 2.50 2.38 2.42

v2 1.99 1.01 1.19 1.69 1.65
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Fig. 2 Unit-cell volume V evolution as a function of x for

(Pr1 ) xBix)0.6Sr0.4MnO3 samples (0 £ x £ 0.4). Inset the evolution

of the lattice parameters a, b, and c versus x
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explained by its ability to modify the Mn-O, Mn-A dis-

tances and the Mn-O-Mn angle and consequently the

distortion of the ideal perovskite structure in which the Mn-

O-Mn angle is equal to 180�.

Magnetic properties

Magnetization measurements as a function of temperature

in the range 20–300 K in a magnetic applied field of 50 mT

showed that all our samples exhibit a sharp transition from

paramagnetic to ferromagnetic state with increasing tem-

perature. This sharp transition confirms well the good

quality of our samples. We plot in Fig. 3 the temperature

dependence of the magnetization for all our synthesized

samples (Pr1 ) xBix)0.6Sr0.4MnO3 (0 £ x £ 0.4). The mag-

netization in the parent compound shows a small decrease

below 100K which has been attributed from neutron dif-

fraction studies to the coexistence, at low temperature, of

two phases: an orthorhombic phase with Pnma space group

(27%) and a monoclinic one with I2/a space group (73%)

[16]. In the low doped samples (x £ 0.1) the magnetization

decrease occurs at higher temperatures than disappears for

x [ 0.1.

Using the inflection point of the M(T) curve to deter-

mine the Curie temperature TC, Bi doping leads to a

decrease of the TC. The Curie temperature is found to

decrease from 310 K for x = 0 to 252 K for x = 0.4. Pre-

vious work [18] showed that the Bi doping in the Mn site in

the Pr0.6Sr0.4Mn1 ) xBixO3 (0 £ x £ 0.2) leads also to a

decrease of the Curie temperature TC from 310 K for x = 0

to 225 K for x = 0.2. In Fig. 4, we plot the evolution of the

TC versus Bi content in both series (Pr1 ) xBix)0.6Sr0.4MnO3

and Pr0.6Sr0.4Mn1 ) xBixO3 powder samples.

As the Mn4+ content remains constant in all our Bi doping

samples (Pr1 ) xBix)0.6Sr0.4MnO3, the decrease of TC with

increasing Bi content may be explained by the decrease of

the ionic average radius \rA[ of the A cation site. In fact

\rA[ decreases from 1.231Å for x = 0 to 1.229Å for

x = 0.4. Previous work on the effect of the Bi doping on the

physical properties of (Pr1 ) xBix)0.7Sr0.3MnO3 showed also

a decrease of TC with increasing Bi content and such

behavior has been explained in terms of average ionic radius

\rA[of the A cation site [21]. This behavior may be also

explained in terms of \Mn-O-Mn[ bond angle; in fact a
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Fig. 3 Temperature dependence of the magnetization at l0H = 50 mT

for (Pr1 ) xBix)0.6Sr0.4MnO3 (0.0 £ x £ 0.4)

Table 3 Values of average

distances and angles in

(Pr1 ) xBix)0.6Sr0.4MnO3

samples

x dMn-O1 (Å) dMn-O2 (Å) dMn-A (Å) Mn-O1-Mn (�) Mn-O2-Mn (�) \ Mn-O-Mn[ (�)

0.00 1.958 1.964 3.348 165.43 126.69 139.60

0.10 1.934 1.945 3.346 170.13 123.86 139.28

0.20 1.928 1.938 3.345 171.11 121.63 138.12

0.30 1.919 1.931 3.342 173.46 120.36 138.06

0.40 1.914 1.927 3.340 174.04 119.99 138.00
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Fig. 4 Curie temperature dependence as a function of x for both

series (Pr1 ) xBix)0.6Sr0.4MnO3 and Pr0.6Sr0.4Mn1 ) xBixO3 samples

(0 £ x £ 0.4)
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decrease in this average angle leads to a shift of TC to lower

values [22].

In order to confirm the ferromagnetic behavior at low

temperatures of our samples, we performed magnetization

measurements versus magnetic applied field up to 8T at

several temperatures. We plot in Fig. 5 the M(H) curves for

Pr0.54Bi0.06Sr0.4MnO3 (x = 0.1). The magnetization rises

sharply for low magnetic applied field and than saturates

for l0H higher than 1 T. The saturation magnetization at

20 K, deduced from the M(H) curve, is found to be

2.94 lB/Mn, whereas the spontaneous magnetization cal-

culated for full spin alignment is found to be 3.60 lB/Mn.

Using Anderson model [23], the angle hij between the

Mn3+-Mn4+ moments deduced from tij ¼ b cos
hij

2
is found

to be equal to 61�. The discrepancy may be due to a spin

canted state between the Mn3+ and Mn4+ ions. In the parent

compound Pr0.6Sr0.4MnO3 the experimental and theoretical

values of the spontaneous magnetization are, respectively,

3.58 and 3.60 lB/Mn [16].

In order to determine the Curie temperature with pre-

cision, we plot in Fig. 6 the Arrott curves (M2 versus H/M)

for the Pr0.54 Bi0.06Sr0.4MnO3 compound. TC deduced from

these curves is found to be 270 K which is almost the same

than that determined from M(T) curve.

Figure 7 shows the evolution, as a function of temper-

ature, of the spontaneous magnetization Msp deduced from

the M(H) curves and the inverse of the susceptibility (1/v)

for Pr0.54Bi0.06Sr0.4MnO3 sample. The critical exponent c
given by MspðTÞ ¼ Mspð0Þ 1� T=TCð Þc is found to be

0.315 which confirms well the ferromagnetic behavior at

low temperatures of our sample. In the parent compound

Pr0.6Sr0.4MnO3 the critical exponent c is found to be 0.33.

Magnetocaloric effect

Based on magnetization measurements versus magnetic

applied field at several temperatures, we have calculated

the magnetic entropy change DSmj j induced by the varia-

tion of the external magnetic field according to the classical

thermodynamic theory:
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DSmðT ;HÞ ¼ SmðT;HÞ � SmðT ; 0Þ ¼
Z H max

0

oS

oH

� �
T

dH

ð1Þ

With Maxwell’s thermodynamic relationship: oS
oB

� �
T
¼

oM
oT

� �
B
, Eq. (1) can be written as:

DSmðT ;HÞ ¼
ZH max

0

oM

oT

� �
H

l0dH ð2Þ

When the magnetization is measured at small discrete field

and temperature intervals, numerical approximation to the

integral in Eq. (2) could be expressed as DSmj j ¼P
i

Mi�Miþ1

Tiþ1�Ti
l0DHi where Mi and Mi + 1 are the experimental

values of magnetization at temperatures Ti and Ti + 1,

respectively, under a magnetic applied field Hi. Figure 8

illustrates the entropy change DSmj j of polycrystalline

perovskite Pr0.54Bi0.06Sr0.4MnO3 as a function of temper-

ature under several magnetic applied field changes. As

magnetic field change increased, the magnetic entropy

change DSmj j increases non linearly and reaches its maxi-

mum around 272 K. The maximum values of DSmj j are

1.11 Jkg)1K)1 and 4.78 Jkg)1 K)1 upon the magnetic

field changes of 1 T and 7 T, respectively, for

Pr0.54Bi0.06Sr0.4MnO3 sample (x = 0.1). These values are

comparable to those obtained in La0.7Sr0.2Ag0.1MnO3 [24]

( DSmj j=0.9 Jkg)1 K)1 at 315 K under H = 1 T) or

La0.95Ag0.05MnO3 [25] ( DSmj j=1.1 Jkg)1 K)1 at 214 K

under H = 1 T), but smaller than that reported by Gencer

et al. [26] where they observed a large magnetocaloric

effect in La0.62Bi0.05Ca0.33MnO3 which reaches 3.5 Jkg)1

K)1 at 248 K under 1 T. The observed effect is larger than

that obtained in the parent compound La0.67Ca0.33MnO3. It

should be noted that though the magnetocaloric effect was

enhanced, the low value of the TC makes it difficult to be

used.

Conclusion

We have elaborated and studied the physical properties of

the (Pr1 ) xBix)0.6Sr0.4MnO3 (0 £ x £ 0.4) perovskite

manganese oxides. All our synthesized samples are single

phase and crystallize in the orthorhombic symmetry with

Pbnm space group. Bi doping leads to a decrease of the unit

cell volume. All our samples exhibit a paramagnetic to

ferromagnetic transition with decreasing temperature. The

Curie temperature TC is found to shift to lower values with

increasing bismuth content. The spontaneous magnetiza-

tion at 20 K deduced from the M(H) curves for

Pr0.54Bi0.06Sr0.4MnO3 sample is found to be 2.94 lB/Mn,

which is smaller than the theoretical one found to be

3.6 lB/Mn calculated for full spin alignment. The critical

exponent c defined by MspðTÞ ¼ Mspð0Þ 1� T=TCð Þc is

found to be 0.315 for Pr0.54Bi0.06Sr0.4MnO3 sample. In

addition, our samples undergo a large magnetocaloric

effect near room temperature.
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