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a  b  s  t  r  a  c  t

Effect  of  monovalent  Na doping  on  the  magnetic  properties  is studied  in  Pr0.6Sr0.4−xNaxMnO3 system  (x = 0,
0.05)  using  X-band  electron  magnetic  resonance  and  magnetization  measurements.  Temperature  varia-
tion of  magnetic  resonance  spectra  of  doped  and  undoped  manganites  is  analyzed  for  paramagnetic  and
ferromagnetic  states  and  compared  to similar  systems.  In paramagnetic  phase  the  magnetic  susceptibility
proportional  to resonance  signal  intensity  is  found  to obey  the  Curie–Weiss  law.  The  effective  magnetic
eywords:
anganites

erromagnetic and electron paramagnetic
esonance

moment  becomes  smaller  in  doped  manganite.  The  paramagnetic  Curie  temperature  derived  from  signal
intensity  equals  to  312  and  306  K  for the  undoped  and  doped  manganites,  respectively,  and  is close  to
values  obtained  from  magnetization  variation  in paramagnetic  phase.  The  activation  energy  determined
using  the  adiabatic  small  polaron  hopping  model  is  higher  for  the  undoped  than  the  doped  manganite,

 dopi 3+ 4+
olaron hopping
agnetic interactions

which  proves  that  the  Na

. Introduction

Doped perovskite manganites with general formula
1−xRxMnO3 (A = rare-earth cation, R = alkaline earth cation)
ave attracted much attention for interesting physical properties
round the phase transition temperature TC and because of possible
pplications [1–4]. The heterovalent substitution of A for R leads
o a mixed valence Mn3+/Mn4+ state and induces a transition from
aramagnetic-insulator to a ferromagnetic-metallic phase. This in
urn generates the spectacular colossal magneto-resistance effect
CMR). The coexistence of the ferromagnetic state and metallicity
as been explained using the double exchange (DE) mechanism,
elated to mobile eg electrons traveling between the Mn3+ and
n4+ cations as proposed by Zener [5,6]. This model confirmed

hat the ferromagnetic spin correlation is the characteristic feature
f in the paramagnetic state.

Recent investigations have demonstrated that the varying dop-
ng level x in A-site plays important role in modification of magnetic
nd transport properties of the manganites. Hwang et al. [7] showed
 direct relationship between the average ionic radius for the A-site
on <rA> and the Curie temperature TC in the substituted mangan-
tes Ln1−xSrxMnO3 for x = 0.3. Recently the studies on monovalent

∗ Corresponding author. Tel.: +216 98974687; fax: +216 74676607.
E-mail address: Wahibaboujelben@yahoo.fr (W.  Boujelben).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.02.096
ng  slightly  reduces  the  Mn /Mn double  exchange  interactions.
© 2012 Elsevier B.V. All rights reserved.

doped manganites (e.g. Na, K) are attracting the attention, because
it allows to achieve the same amount of hole doping with a half sub-
stitution. Among the most studied monovalent doped manganites,
sodium doped lanthanum manganites are found to exhibit large
negative magnetoresistance (MR) at room temperature and do not
show charge ordering for 0 < x < 0.40 [8],  which simplifies analysis
of results. This feature is in contrast to the Na doped Pr based man-
ganites Pr1−xNaxMnO3, which have been reported to exhibit charge
ordering behavior for 0.2 < x < 0.25 [9,10].

The electron magnetic resonance (EMR) is applied since it offers
a sensitive experimental technique to understand the dynamics of
the electronic spins, and can help to clarify the magnetic correla-
tion on a microscopic level in mixed valency manganites [11]. Our
paper supplements previous studies of Pr/Sr based manganites [12]
and is aimed at deeper investigation of the influence of monovalent
sodium co-doping on properties of polycrystalline Pr0.6Sr0.4MnO3
manganite. There have been no previous EMR  studies on the Na-
doping effect in the Pr0.6Sr0.4MnO3 system. In this work we  focus
on the substitution of monovalent Na for Sr in the Pr0.6Sr0.4MnO3
manganites studied using EMR  spectroscopy. Temperature depen-
dence of resonance line width and intensity are analyzed by means
of the small polaron hopping model.
2. Experimental

Polycrystalline samples of the undoped Pr0.6Sr0.4MnO3 (PS) manganite and
sodium doped Pr0.6Sr0.35Na0.05MnO3 (PSN) one were synthesized from high purity

dx.doi.org/10.1016/j.jallcom.2012.02.096
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:Wahibaboujelben@yahoo.fr
dx.doi.org/10.1016/j.jallcom.2012.02.096
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Fig. 1. XRD diffraction pattern for the undoped Pr0.6Sr0.4MnO3 (PS) manganite.

>99.9%) Pr6O11, SrCO3, Na2CO3 and MnO2 by conventional solid state reaction
ethod. The starting materials were initially mixed in an agate mortar and then

eated in air up to 900 ◦C for 60 h. The obtained powders were then pressed into pel-
ets  and sintered at 1100 ◦C in air for 60 h with intermediate regrinding and repelling.
inally, these pellets were quenched to room temperature in air in order to freeze the
tructure at the annealed temperature. Phase purity, homogeneity and cell dimen-
ions were determined by powder X-ray diffraction at room temperature. As our
amples have been synthesized in air, they are stoichiometric in oxygen [13]. Struc-
ural analysis was  made using the standard Rietveld technique [14,15] and a typical
lot of the refined pattern is shown in Fig. 1 for (PS) sample proves that the main
eaks can be indexed to the single orthorhombic perovskite structure with Pnma
pace group. Structural analysis of the doped sample was described separately in
revious work [16]. We should note that for 0.05 Na content no apparent structural
hanges can be identified. The unit cell volume decreases slightly from 229.108 Å3 for
arent sample to 228.76 Å3 for doped sample, which can be explained by a smaller
verage ionic radius of Na+ (1.39 Å) than Sr2+ (1.44 Å) one [17]. The polycrystalline
tructure is rather fine with mean crystallite size about 41 nm for (PS) and 32 nm
or  (PSN). The magnetic characterization was carried out using a vibrating sample

agnetometer and shows that Na doping shifts the ferromagnetic Curie tempera-
ure from 310 K to 300 K (Fig. 2). Electron magnetic resonance measurements were
erformed with loose powder in a capillary using a Bruker spectrometer, operating

t  9.44 GHz (X-band) between 130 and 375 K. Calibration was  carefully performed
sing DPPH standard.
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ig. 2. Temperature variation of magnetization measured at magnetic field of 0.05 T
or  the undoped Pr0.6Sr0.4MnO3 (PS) and Na doped Pr0.6Sr0.35Na0.05MnO3 (PSN) man-
anites.
 Compounds 526 (2012) 98– 102 99

3. Analysis of EMR  spectra

In manganites the EMR  signal is related to the combination
of Mn3+–Mn4+ ions coupled by strong short range FM double
exchange interaction [18,19]. The EMR  spectra of the undoped
(PS) (Fig. 3a) and Na doped (PSN) (Fig. 3b) manganites recorded
in a broad temperature range change remarkably at transition
from paramagnetic to ferromagnetic phase. In the paramagnetic
phase the EMR  consists of a single symmetrical Lorentzian line.
For the temperature decreasing through the transition temperature
TC from paramagnetic to ferromagnetic phase the signal broadens
and becomes asymmetric revealing a superposition of paramag-
netic and ferromagnetic components. A fraction of paramagnetic
signal is quickly decaying with decreasing temperature.

The EMR  measurements are analyzed in a standard manner [11].
The resonance field Hres was determined with accuracy ±4 Oe. The
line width �H is taken from the peak-to-peak distance between
the maximum and the minimum of the first derivative of the EMR
absorption signal. The asymmetry is defined by the maximum to
minimum ratio. The intensity of the response is defined by A(�H)2,
where A is the peak to peak amplitude. The geff value is calcu-
lated via geff = h�/�BHres, where h is the Planck constant, �B is the
Bohr magneton, � is the frequency and Hres is the resonance field.
Accuracy of geff is about ±0.0025.

The registered spectra exhibit a maximum amplitude A at 315 K
and 305 K for the PS and PSN manganites, respectively, which are
close to their Curie temperatures TC = 310 K and 300 K, respec-
tively, as determined from magnetization measurements. It is
observed (not plotted) that the signal amplitude decreases quickly
both below and above the Curie temperature for our investigated
samples. The coexistence of competing ferromagnetic and param-
agnetic resonance signals found in vicinity of Curie temperature
reveals a phase coexistence in the samples.

The resonance field (Hres) decreases slowly in the paramagnetic
phase from 3366 Oe at 370 K down to 3299 at 315 K for undoped
PS sample and from 3360 Oe at 375 K down to 3300 Oe  at 305 K for
doped PSN sample (Fig. 4). These fields correspond to geff values
of 2.0126 and 2.0370 for doped manganite, and 2.0085 and 2.0364
for undoped manganite. The geff values are typical for the electron
response for doped manganite in the paramagnetic state [11,20]. It
is worth noticing that in the high temperature range the geff values
obtained from Hres exhibits a weak temperature dependence. This
observation confirms that the spin–spin interaction between Mn3+

and Mn4+ ions dominates in the paramagnetic region.
The EMR  line width �H is a non monotonic function of temper-

ature as shown in Fig. 5 for a broad temperature interval. This plot
shows the characteristic �H  minimum at Tmin equal to 330 K and
315 K for the undoped and doped manganites, respectively, located
slightly above the corresponding Curie temperatures. Such a loca-
tion of �H minimum somewhat above TC is typical for manganites
and was  also reported for other manganites, e.g. La1−xSrxMnO3
[21,22]. The minimum line width equals to 275 Oe and 255 Oe  for
the undoped and doped manganites, respectively. The minimum
line width corresponds to the transverse relaxation time about
0.5 ns, giving spin exchange narrowing which is typically reported
for manganites [23]. In the ferromagnetic phase the line width �H
abruptly raises up to about 3 kOe at 130 K and 4 kOe  at 200 K for
the undoped and doped manganites, respectively (Fig. 3). This line
width broadening observed at low temperature is usually ascribed
to the slowing down of spin fluctuations in the ferromagnetic phase.
The increasing of the line width observed between TC and Tmin can
be related to the coexistence of the ferro- and paramagnetic phases.

In the paramagnetic phase the minimum is followed by a slow
increase up to 445 Oe at 370 K and 541 Oe at 375 K respectively
for undoped (PS) and doped (PSN) samples. In this temperature
range the mean slope (d(�H)/dT) is equals to 5.2 and 5.9 Oe/K
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ig. 3. (a) Electron magnetic resonance spectra of the undoped Pr0.6Sr0.4MnO3 (PS) m
PSN) manganite.

espectively for PS and PSN samples. These results are comparable
o that reported for similar manganites [24,25]. The single and rel-
tively broad �H minimum is related to the Jahn–Teller transition
26], which develops the long range ordering at low temperature.

The deeper examination of temperature variation of �H enables
o determine the activation energy, when assuming a model of adia-
atic small polaron hopping [18], which expresses the signal width
y the following expression:

H(T) = �H0 +
(

A

T

)
exp

(−E1

kT

)
(1)
here �H0 is constant. The activation energy E1 derived from an
nset to Fig. 5 equals to 162 and 188 meV  for the doped and undoped
amples, respectively. The results obtained from the best fitting
how that the activation energy slightly decrease with Na-doping.
nite. (b) Electron magnetic resonance spectra of the Na doped Pr0.6Sr0.35Na0.05MnO3

Temperature variation of signal intensity I(T) for our samples
is shown in Fig. 6. One should notice that the accuracy of applied
I(T) calculation is high enough only in paramagnetic phase, where
signals are approximately symmetric (Fig. 7). The same calculation
method used below 295 K results in much reduced accuracy since
the EMR  signals become strongly asymmetric in the ferromagnetic
phase, as indicated by the asymmetry factor deviating much from 1.
Therefore the I(T) dependence below TC offers only rough approxi-
mation and shows that intensity raises abruptly with temperature
varying down to 130 K (not plotted). The similar intensity varia-
tion was  already reported for e.g. Pr0.7Sr0.3−xBaxMnO3 manganite

[27]. Taking as a reference the intensity at Curie temperature one
can see that in the paramagnetic phase the intensity decreases just
above TC and then more slowly with temperature raising up to
375 K.
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Fig. 4. Temperature variation of magnetic resonance field for the PS and PSN man-
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Fig. 5. Temperature variation of peak to peak line width for the PS and PSN man-
ganites. Inset shows Ln (�H * T) vs (1000/T).

380360340320300280

3.13.02.92.82.72.6

17.8

18.0

18.2

18.4

18.6

18.8

19.0

Ln
(Ι

)

1000/T(K-1 )

PSN
PS

PSN
PS

I(
ar

b.
un

its
)

Τ (K)

Fig. 6. Temperature variation of signal intensity for the PS and PSN manganites.
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Fig. 7. Temperature variation of signal asymmetry for the PS and PSN manganites.

The signal intensity I(T) is proportional to magnetic susceptibil-
ity of the material, which in the paramagnetic state is expected
to follow the Curie–Weiss law. The inverse intensity as a func-
tion of temperature for undoped and doped samples is plotted in
Fig. 8. The linear variation observed at higher temperatures, shows
that the Curie–Weiss law is obeyed for both manganites, whereas
deviations appear below about 315 K and 305 K for undoped (PS)
and doped (PSN) manganites, respectively. The so-called param-
agnetic Curie (Weiss) temperature TP derived by extrapolation of
linear dependence is equals to 312 K and 306 K, respectively for
(PS) and (PSN) samples. These paramagnetic Curie temperature are
close to values derived from inverse magnetization measured at
magnetic field of 0.05 T (Fig. 2), which are equal to 316 and 298 K
for undoped and doped manganites, respectively. The higher Curie
temperature of the undoped than doped manganite shows that the
magnetic interaction in paramagnetic phase becomes weaker in
doped sample. It is worth noticing that also below the magnetic
phase transition the ferromagnetic interaction in sodium doped
manganite is weaker as compared to undoped case, as it is revealed

by a ratio of ferromagnetic Curie temperatures (310 and 300 K)
derived from magnetization. A magnitude of double exchange
interaction in magnanites is known to depend on Mn–O–Mn angle.
The structural data show that the angle is changed negligibly from
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Fig. 8. Temperature variation of the inverse signal intensity for the PS and PSN
manganites.
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61.96(1)◦ to 161.26(1)◦ when passing from undoped to doped
anganites.
The resonance spectra were recorded in identical experimental

ondition for both the manganites. Therefore the absolute values of
nverse intensity values are close in vicinity of 310 K (Fig. 8). Then
ne may  compare the slopes of inverse intensity vs temperature,
hich are proportional to inverse Curie constant. As the Curie con-

tant is proportional to the square of effective magnetic moment
ne may  qualitatively estimate that Na doping into A-sites sup-
resses the effective magnetic moment. This is at least partially
ue to the fact that 5% of sodium replacing Sr atoms changes the
n3+/Mn4+ ratio from 0.6/0.4 to 0.55/0.45. Moreover, the sodium

oping enhances local disorder and reduces double exchange inte-
ral [5,6].

The temperature variation of signal intensity in paramagnetic
tate may  be expressed as follows:

(T) = I0 exp
(

E2

kBT

)
(2)

here kB is the Boltzmann constant and E2 is the activation energy
f electron hopping [19]. The straight line fitted to the experimen-
al intensity (Fig. 6 inset) confirms that this relation is obeyed with
2 equal to 213 and 230 meV, for doped and undoped samples,
espectively. Such activation energies are somewhat larger than
hose derived from line width. A difference in activation energy
erived from line width and line intensity are not unusual. Sim-

lar order of magnitude and ratio of energies was also reported
or the Sr doped and other manganites [22–25].  A comparison of
ctivation energies derived both from the intensity and line width
ata confirms that the Na doping hampers hopping phenomena
s indicated by the higher values found for the doped sample. The
hermally activated behavior of magnetic susceptibility reveals that
he polaron hopping reduces the spin correlations in paramagnetic
hase [19].

. Conclusions

These experimental results evidently show that the paramag-
etic and ferromagnetic phases coexist in the Pr0.6Sr0.4−xNaxMnO3
x = 0, 0.05). The growing ferromagnetic phase creates an internal

agnetic field which in turn makes smaller the registered reso-

ance field of the EMR  signals as well as modifies the signal shape.
pplying cautiously an analogy to related manganites [28] one may
lso speculate that the ferromagnetic phase forms mainly inside
he relatively small crystallites with mean size of 32 and 41 nm,

[

[
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whereas the structurally more disordered paramagnetic phase pre-
vails at the surface of grains/crystallites.
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