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Abstract Structural, magnetic, magnetocaloric, and elec-
trical properties of Prg 555r9.45—,Na,MnO3 (x = 0.05 and
0.1) have been investigated. Our samples were elaborated
using the conventional ceramic method at high temperature.
Rietveld refinement of the X-ray diffraction patterns shows
that all our compounds are single phase and crystallize in
the orthorhombic structure with Pbnm space group. Low
field magnetic measurements indicate that all investigated
samples exhibit a paramagnetic—ferromagnetic transition
with decreasing temperature. This transition takes place at
room temperature. A large magnetocaloric effect has been
observed in all our compounds. The maximum value of the
magnetic entropy change is found to be 3.87 J K~! kg~! for
the sample with x = 0.05 under 57". The values of relative
cooling power (RCP) are 246.52 J kg~! for x = 0.05 and
262.73 T kg~ ! for x = 0.1, respectively, for an applied mag-
netic field of 57. The electrical resistivity measurements
reveal a metal-semiconductor transition with increasing
temperature with the presence of a resistivity minimum at
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low temperature which is attributed to the electron—electron
columbic interactions.
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1 Introduction

Magnetic refrigeration technology at room temperature is a
possible alternative to conventional gas compression tech-
nology due to its easy conception and high energy efficiency
[1,2]. Magnetic refrigeration is based on the magnetocaloric
effect (MCE) which consists in the change of a mag-
netic sample’s temperature once we adiabatically apply or
remove an external magnetic field. In fact, great works
have been performed in order to design a good refrigera-
tor and to look for effective magnetorefrigerants in order
to expand the range of temperature and increase effi-
ciency. In the last decades, and after the discovery of the
MCE, perovskite manganites having the general formula
Re;_xAe,MnQOs3, where Re is a rare earth (La, Pr, Nd...)
and Ae is an alkaline earth (Ca, Sr, Ba...) [3-10], have
been the aim of intensive research for magnetic refrigera-
tion because of their low cost, easy elaboration procedure,
and high chemical stability, compared to gadolinium (Gd)
known as the best magnetic refrigerant [11, 12]. Thus,
perovskite manganites are suitable candidates in the field
of magnetic refrigeration [13—15]. These compounds are
characterized by a complex coupling between structural,
electrical, and magnetic properties which leads to rich phase
diagram [16]. Praseodymium-based compounds are very

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1186/10.1007/s10948-015-3217-0-x&domain=pdf
mailto:akramkri@hotmail.fr

124

J Supercond Nov Magn (2016) 29:123-132

interesting since they are characterized by weak double
exchange interactions compared to lanthanum-based ones.
This fact is attributed to the large lattice distortions. In
order to improve the MCE, several works have been done
in order to study the effect of doping with monovalent ele-
ments [17-19]. The effect of monovalent elements on the
magnetic, magnetocaloric, and electrical properties of the
compound Prg S194MnO3 has been intensively studied in
the last years [7, 20-25]. In a previous work, we have
studied the effect of potassium substitution on the struc-
tural, magnetic, magnetocaloric, and electrical properties of
Pry.s55Srg.45_ K MnO3 with x = 0, 0.05 and 0.1, and we
have found an important value of relative cooling power
(RCP) equal to 247.51 J kg~ for the sample with x = 0.05
and a maximum of magnetic entropy change equal to 4.25
d kg_l K~!) for x = 0.1; these two values were recorded
under an applied magnetic field of 57 [3].

Since potassium doping gave interesting results, we have
tried in this work to report the effect of the sodium substitu-
tion on the structural, magnetic, magnetocaloric, and elec-
trical properties of Prg 55510.45—,Na,MnO3 with x = 0.05
and 0.1 in order to compare the effect of sodium with that
of potassium. Due to the difference in valency and in the
ionic radius of Nat and Sr?T, we will obtain a modifica-
tion in the amount of Mn** ions, in the average ionic radius
at A site < r4 > and in the mismatch size of the A cation
site o2, The evolution of structural, electrical, and magnetic
properties is discussed and analyzed.

2 Experimental Techniques

Polycrystalline  samples of  Prgs55r9.45—Na,MnO3
(x = 0.05 and 0.1) have been prepared using the con-
ventional solid-state reaction method at high temperature
by mixing PrgOp;, SrCOs3, NayCOs, and MnO; up to
99.9 % high purity in desired proportions according to the
following reaction:

0.55/6Prg 011+ (0.45—x)SrCO3+x /2 Na; CO3
+MnOr—> Prg 55Sr9 45—+ Na,MnO3+35CO,

The starting materials were heated in air up to 800 °C for
24 h, and the obtained powders were then shaped into pel-
lets and fired at 1100 °C in air for 24 h with intermediate
regrinding and pelletizing. Finally, the obtained pellets were
rapidly quenched to room temperature in order to freeze
the structure at the annealing temperature. Phase purity and
structural parameters were determined by X-ray powder
diffraction at room temperature followed by a refinement
using the standard Rietveld method [26, 27]. Magnetic
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measurements were carried out by a vibrating sample mag-
netometer in an applied magnetic field up to 5T'. Electrical
resistivity was measured by the standard four-probe method.

3 Results and Discussion
3.1 Structural Study

The room temperature X-ray diffraction patterns of our sam-
ples are shown in Fig. 1. Refinement results indicate that
all our specimens are single phase and are indexed in the
orthorhombic system with Pbnm space group, without any
detectable impurity. The average crystallite size was eval-
uated from the width of diffraction peaks by using the
Scherrer formula [28] given by

CXRDZK)L/,BCOSQ (])

where K is the Sherrer constant, A is the X-ray wavelength,
0 is the Bragg angle corresponding to the intense peak, and
B is the width at the half maximum of this peak. The aver-
age crystallite sizes are listed in Table 1. Using the ionic
radii of A, B, and oxygen sites, the tolerance factor 7 can be
evaluated using the following relation:

ra +ro

= —m—— 2
V2(rg + ro) @)

We have gathered in Table 1 the structural analysis results,
as well as the average ionic radius at A site < ra >, the
tolerance factor ¢, and the cationic mismatch in A site o2
for all our samples as well as the parent compound (x = 0)
[3]. The average ionic radius and the cationic disorder in
A site were calculated using Shannon’s table for the coor-
dination number 9 [29]. The calculated ¢ values fall in
the stable range of the perovskite structure [31]. It is rele-
vant to notice that the lattice parameters verified ¢/+/2 <
b < a which indicates that the synthesized specimens are
characterized by the presence of cooperative Jhan—Teller
distortion. In addition, it is obvious from Table 1 that the
values of the mismatch o> decrease with increasing sodium
content. Thus, the sodium doping leads to the decrease of
disorder inside the structure. As we can see from the X-ray
diffraction patterns, when Na content increases, this causes
a shift in the intense diffraction peak to higher angle val-
ues. This result indicates a shrinkage in the unit cell volume
as Na content increases. Such evolution can be explained
by the cooperative effect of increasing Mn** content and
decreasing the average ionic radius of the A site. In fact, the
content of Mn** increases from 45 % for x = 0 to 55 %
for x = 0.1 and it is known that » Mn*t < r Mn3* [29),
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so it is reasonable to find this drop of the volume. More-
over, the average ionic radius of sodium (1.24 A) is smaller
than that of the strontium one (1.31 A). In a previous work,
the same result was found for Prg ¢Srg4—,Na,MnO3 [23];
however, it was shown that the substitution with potassium
element for Prg 55Sr9.45_ K, MnO3 leads to an increase in
the unit cell volume [3]. Besides, if we compare the volume
of the Pry 55S19.4— K MnO3 (x = 0.05, 0.1) samples and
Prg.55519.45—xNa,MnO3 (x = 0.05, 0.1) compounds with a
fixed content of Mn**, the higher values obtained for the
potassium-based samples can be explained by the average
ionic radius where r Kt > r Nat [29]. In addition, the

increase of the Mn—O—Mn bond angle for Na-doped sam-
ples is overcompensated by the drop in the Mn—-O bond
length leading to the decrease of the unit cell volume. Using
the values of Mn—O-Mn bond angle and Mn—O bond length,
we can evaluate the bandwidth W [30] defined as follows
[31]:

_cosl/2(m— <Mn—0O—Mn >)
o (dMn — 0)3
‘We should note that the obtained values of W are 0.0938

and 0.0958 for x = 0.05 and 0.1, respectively. One can
notice that the Pry 55519 35Nag1MnO3; compound presents

w 3)

Fig. 1 Rietveld refinement for T
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Table 1 The structural results, the average ionic radius, the tolerance
factor ¢, and the cationic disorder in A site for Prq 55Sr9 45— Na,MnO3
samples (x = 0, 0.05, and 0.1)

Parameters x =0/[3] x =0.05 x=0.1
a(A) 5.482 (4) 5.485 (3) 5.484 (2)
b(A) 5.443 (7) 5.442 (3) 5.439 (8)
c(A) 7.670 (2) 7.663 (2) 7.660 (1)
cl\/2 (A) 5.424 (9) 5.418 (7) 5.416 (5)
vV (A 228.901 (9) 228.764 (1) 228.524 (3)
< Mn-0O> (A) 1.962 (5) 1.957 (5) 1.949 (6)
< Mn-O-Mn> (°) 158.869 (3) 160.116 (5) 164.956 (5)
<ra>(A) 1.237 (9) 1.234 (4) 1.230 (9)
2.1073 (A)? 4.247 (0) 3.975 (7) 3.679(6)
t 0.952 (9) 0.952 (8) 0.953 (1)
Mn*t (%) 45 50 55

Cxrp (nm) 33.00 48.75 39.44

the largest Mn—O-Mn bond angle, the lowest Mn—O bond
distance, and the most important value of W which leads to
lower rotation of the MnOg octahedrons. So, we can pre-
dict that this sample will have the higher value of Curie
temperature.

3.2 Magnetic and Magnetocaloric Study

We have represented in Fig. 2 the evolution of magnetiza-
tion as a function of temperature in the range 200-400 K
under an applied magnetic field of 0.057 for the sam-
ples Prg.s5Srg.45—xNa,MnO3 with 0 < x < 0.1. It seems
that all our compounds present a transition from paramag-
netic to ferromagnetic state with decreasing temperature.
The Curie temperature values were determined using the
tangent method. They present a slight decrease with increas-
ing sodium content from 304 K for the parent sample [3]
to 300 K for x = 0.05 and 290 K for x = 0.1. Simi-
lar results were obtained with the sodium substitution on

—a—x=0.1
—e—x=0.05
—A—x=0

M(AmZ/kg)

T T "
300 320 340

' T
360 380

T T T T
200 220 240 260 280

T(K)

Fig. 2 Temperature dependence of magnetization for
Pro 55510 45—xNa,MnO3 samples (x = 0, 0.05, and 0.1)
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Prg.6Sr9.4MnO3 [23] and with the potassium substitution on
Prg 55S10.45sMnQO3 [3]. It is important to note that the substi-
tution did not strongly affect the Curie temperature T¢ value
which remains close to room temperature for all samples;
such properties are required to get a magnetic refrigerant
which is active at room temperature. Through the structural
study, it was expected that the sample with x = 0.1 will
present the highest value of the T¢ since it presents the
lowest value of the Mn—O distance and mismatch o> and
the highest value of Mn—-O-Mn bond angle and W which
enhances ferromagnetic double exchange mechanism, but it
is not the case. Generally, the evolution of the Curie tem-
perature can be governed by the ionic radius of the A site
< ra >, the amount of the Mn**, and the mismatch effect.
In fact, the increase of the average of Mn*t from 45 to
55 % causes a weakness of ferromagnetism which induces
the decrease of the Curie temperature 7¢. In addition, the
Tc reduction is affected by the slight decrease of the ionic
radius values from 1.24 A for x = 0 to 1.23 A for x = 0.1.
The disorder cannot explain the T¢ evolution since we have
a decrease in the values of o2 from 4.247.10~3 A2 for
x = 01t03.679.10~3 AZ for x = 0.1. So, even the structure
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Fig.3 Magnetic applied field dependence of magnetization at several
temperatures for Prg 55Sro 45— Na,MnO3 samples (x = 0.05 and 0.1)
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becomes more ordered; the decrease of T¢ is attributed to
the cooperative effect of both < ro > and Mn** amount.

The isothermal magnetization obtained under magnetic
applied field up to 5T in temperature range 200—400 K for
our Na-substituted samples is shown in Fig. 3. It is clear that
the magnetization increases sharply under 0.57 for low tem-
perature values and then starts to saturate above 17 which
confirms the low-temperature ferromagnetic state observed
from the M (T') curves. We can notice that M (H) curves are
not linear for our substituted compounds above 7¢ which
can be explained by the presence of some ferromagnetic
ordering above Tc. The same behavior was observed in
Pry.55Sr9.45_ KixMnO3 (x = 0.05, x = 0.1) [3]. In order to
confirm the existence of such interactions, we have repre-
sented in Fig. 4 the temperature dependence of the inverse
of paramagnetic susceptibility for our investigated sam-
ples. We can notice that the linear dependence of x ~! as a
function of temperature is in a perfect agreement with the
Curie—Weiss law given by

“

where C), is the Curie constant and 6, is the Weiss temper-
ature. The values of 6, are found to be 305 K for x = 0.05
and 295 K for x = 0.1, respectively. It is obvious that the
paramagnetic Weiss temperature decreases with increasing
sodium content. This tendency reflects a reduction in ferro-
magnetic double exchange interactions when Mn** content
changes from 45 to 55 %. Indeed, the observed difference
between 6, and T¢ indicates the presence of a short-range
magnetic ordering in the paramagnetic phase near Tc and
confirms the results obtained from M (H) curves. From the
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Fig. 4 Temperature dependence of the inverse of paramagnetic sus-
ceptibility for Prg 55519 45— Na,MnO3 samples (x = 0.05 and 0.1)

fitting of the high-temperature linear part of x ~!(T'), we can
deduce the Curie constant Cj, which is given by

Cp = noper2/3ks )

where 119 = 47 - 1077 H m™! is the permeability, up =
9.27 - 1072 J T ! is the Bohr magnetron, and kg =
1.38 - 10723 J K~! is the Boltzmann constant. The con-
stant C, is used to estimate the experimental effective
paramagnetic moment pef. For our samples, we found
that uer values are 5.7ug and 5.83ug for x = 0.05 and
x = 0.1, respectively. The theoretically predicted values
for Prg 55Srg4Nag osMnO3 and Prg 55Srg35Nag 1 MnO3 are
5.15up and 5.11up, respectively. It is relevant that the
experimental values are more important than the theoret-
ical ones suggesting strong ferromagnetic correlation in
the paramagnetic state above ¢, which also confirms the
observed behavior in the M (H) curves. In order to clarify
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Fig. 5 Arrott plots for Prg555r945—xNa,MnO3 samples (x = 0.05
and 0.1)
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the nature of the phase transition and to confirm the val-
ues of the Curie temperature, the Arrott plots for our doped
samples are represented in Fig. 5. These plots represent the
evolution of M? as a function of uoH/M. According to
classical thermodynamic relation, we can write:

noH/M = A(T) + B (T) M* (6)

The A and B parameters corresponding to the intercept
and the slope of linear part of plots, respectively, are deter-
mined by fitting. The temperature dependence of A and
B parameters are represented in Fig. 6. In fact, the T¢
value is revealed by a sign change of the A parameter.
The obtained values are 298 and 290 K for x = 0.05 and
x = 0.1, respectively, which agrees with the values obtained
from the M (T)curves. Besides, the B parameter is positive
in the studied temperature range which indicates that the
paramagnetic—ferromagnetic transition is a second ordered
one [33, 34].

@ Springer

T(K)

In order to confirm the effectiveness of our samples
as good candidates in the magnetic refrigeration domain,
temperature dependence of magnetic entropy change under
several values of magnetic field up to 5T is reported in
Fig. 7. The magnetic entropy change (—ASy) can be calcu-
lated according to the classical thermodynamic theory based
on Maxwell’s relations using the following equation:

Z M (Tiy1, H) — M; (T;, H)

AH (7)
Tiyi—T;

ASM (T, H) =

1
where M; and M, are the experimental values of magne-
tization measured at temperatures 7; and 7; 41, respectively,
under magnetic applied field H;. All our doped samples
present an important MCE effect in vicinity of room temper-
ature, and the magnitude of A Sy increases with increasing
applied magnetic field. Compared to the parent sample
where ASy = 3.326 J kg~! K~! [3], the (— A Sy) values for
our substituted specimens increase to 3.87 J kg~! K~! for
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Fig.7 Temperature dependence of magnetic entropy change at several
values of magnetic applied field for Pry s5Srg 45—, Na,MnO3 samples
(x =0.05and 0.1)

x = 0.05 and 3.8 J kg~! K~! for x = 0.1 under a magnetic
applied field of 5T'. For a magnetic applied field of 27, we
have found a value of the ASy equal to 1.95 J kg=! K~!
for x = 0.1 which is more important than 1.32 J kg~! K~!
obtained for Prg ¢Srg.3Nag MnOj3 [8]. The increase of the
maximum of the magnetic entropy change can be explained
by the decrease of the mismatch effect [32]. It is impor-
tant to determine not only the magnitude of the magnetic
entropy change but also the width of the ASy(T) peak. So,
we should calculate the relative cooling power (RCP) which
can be evaluated using the following relation:

RCP(S) = —ASu(T, H) x §Trwam 8)

where §Trwhm 1s the full width at the half maximum of
ASM(T) [30]. For our samples, the values of RCP are
246.52 J kg~ ! for x = 0.05 and 262.73 J kg~! for x = 0.1,
respectively, for an applied magnetic field of 57. Compared
to the samples doped with the potassium element [3], it is
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Fig. 8 The temperature dependence of
Pro 55510 45— x NayMnO3 samples (x = 0.05 and 0.1)

resistivity ~ for

clear that the sodium-doped samples present more impor-
tant values of RCP. Thus, our samples can be considered as
well candidates in the magnetic refrigeration field

3.3 Electrical Properties

In order to investigate the effect of the sodium element on
the electrical properties of our samples, we have reported
resistivity measurements versus temperature in the tempera-
ture range 20-280 K for all our elaborated compounds under
earth’s magnetic field. Our measurements are represented in
Fig. 8. It is clear that our doped samples possess the same
electrical behavior. When temperature decreases, the spec-
imens exhibit a transition from semiconducting to metallic
state at the transition temperature 7, with the presence of
a resistivity minimum near 42 K. We found that the elec-
trical temperature transition is equal to 169.2 and 153.7 K
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Lnp/T
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-10.8

-10.94
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T T 1
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UTK")

Fig. 9 The evolution of Ln(p/T) as a function of the inverse of
temperature for Prg 55510 45—xNa,MnO3 samples (x = 0.05 and 0.1)
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for x = 0.05 and x = 0.1, respectively. The obtained val-
ues are still lower than T, = 194.5 K observed for the
undoped manganite Prg 555r9.4sMnOs3 [3]. Such difference
can be explained by the amount of Mn*t ions. In fact,
increasing Na content leads to the increase of Mn*t amount
which promotes super exchange mechanism in favor of dou-
ble exchange one and shifts the transition temperature to
lower values. Besides, it is worthy to notice that T, values
are remarkably lower than the Curie temperature; the same
behavior has been also reported for other doped manganites
[3]. This difference can be related to the small crystallite
sizes which perturb the surface layer. In fact, the small crys-
tallite size leads to the enhancement of electron scattering
at grain boundaries and leads to poor connectivity between
grains [35]. The electrical resistivity values did not exceed
11 m2 m for all our samples which confirms that the ground
state is ferromagnetic. The resistivity reduction reveals only
a partial melting of charge ordered phase into the ferromag-
netic metallic phase. The same behavior was observed for
Prg 55Nag 05519.4MnOs3 [24]. The electrical transport mech-
anism in manganites can be governed by several models.

0.0048

0.0046

p (Q.m)

0.0044

0.0042

p
Fit

00040 4+——

T T T T T T T T T 1
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Fig. 10 The evolution of the resistivity as a function of the tempera-
ture below T, for Prg 55510 45—y Na,MnO3 samples (x = 0.05 and 0.1).
The red line presents the fitting according to (11)
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The temperature dependence of electrical resistivity in semi-
conducting phase above T, for all our samples was analyzed
with the small polaron hopping (SPH) model above 6p/2
(where 6p is the Debye temperature) given by the following
equation:

p (T) = poT exp (Enopp/ kT ©)

where pg is a constant, Epepp is the hopping energy, and k
is Boltzmann constant. The linear dependence of Ln(p/T)
as a function of 7! for our samples as presented in Fig. 9
confirms the validity of this model. The values of 6p found
from the deviation of the linearity in the low temperature
are 421 and 474 K for x = 0.05 and x = 0.1, respectively.
For x = 0.1, we have found the maximum value of hopping
energy which can be explained by the reduction of dou-
ble exchange mechanism which limits e; electron hopping.
Using the values of 8p, we can evaluate the frequency of the
longitudinal optical phonon v, by the following equation:

v = kép (10)
0.00424
0.00420 4

0.00416

p(Q.m)

0.00412

0.00408 -

20 30 40 50 60 70
T(K)
0.00784 -
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0.00768

15 20 25 30 35 40 45 50 55
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Fig. 11 The evolution of the resistivity as a function of the temper-
ature for Prgs55Srg45-,Na,MnO3 (x = 0.05 and 0.1). The red line
presents the fittin according to (13)
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Table 2 Best fit values of resistivity data

Samples Pr.55S10.4Nag,05MnO3 Prg 55510.35Nag.1MnO3
Ehopp (meV) 39.67 74.63

A (1077Q mK~2) 1.053 3.517
2(0) (mS2 m) 42 8.5

o (2 cm) 0.548 0.917

B (1072 cm K~09) 4.376 3.694

y (107*QcecmK™") 39.574 4.888

n 0.9628 1.3947
a (2 cm)™! 1.8248 1.0905
b (2 cm K02)~1 0.1457 0.04392
vpn (1012 Hz) 8.77 9.88

where 4 is the Planck constant. At low temperature and
below T,, we have found that the thermal variations of the
resistivity for our samples can be described by the relation:

p(T) = p(0)+ AT? )

where p(0) is a temperature-independent low temperature
resistivity due to the scattering by impurities, grain bound-
aries, and domain walls [36] and the A term is ascribed
to the electron—electron or single magnon scattering [37,
38]. Figure 10 confirms the validity of this relation at low
temperature (T < T,). These results indicate that the
electron—electron scattering process plays an important role
in our compounds [39, 40]. Moreover, we have previously
indicated that our specimens present a resistivity minimum
in vicinity of 42 K. Various models have been proposed in
order to explain this behavior at low temperature [41-45].
Such behavior was observed for the first time in magneti-
cally diluted alloys by Kondo [46]. In our case, the ground
state is ferromagnetic which implies that Kondo effect can-
not be responsible for the presence of low temperature
resistivity minimum. For our compound, we have found that
the fitting results obey the following equation:

1
TY=91——-> " 12
p(T) {a+bT1/2}+y (12)
Equation (12) can be written as follows:
p=a—BJT+yT" (13)

In this equation, the first term o = 1/a is the residual resis-
tivity, the second term BT (with B = b/a?) is ascribed
to the electron—electron coulombic interaction enhanced by
decreasing the temperature, and the third term y 7" gathers
the inelastic scattering processes including the electron—
phonon interaction, the electron—-magnon interaction.... We
have represented in Fig. 11 the temperature dependence of
resistivity for T < 60 K as well as experimental data fit-
ting using the relation (13). One can notice from Fig. 11
a strong correlation between experimental and theoretical

data which confirms the validity of the used model. The best
values of fitting parameters obtained from resistivity data,
the frequency vpy, a and b parameters for our samples are
summarized in Table 2. It is obvious that the sample with
x = 0.05 presents the highest values of 8 and y which indi-
cates that elastic and inelastic scattering mechanisms are
reduced by sodium doping.

4 Conclusion

We have investigated structural, magnetic, and electri-
cal properties of Prgs5Srg.45-,Na,MnO3 samples with
x = 0.05 and 0.1. Structural analysis revealed that all
our samples crystallize in the orthorhombic structure
with Pbnm space group. Magnetic measurements showed
a paramagnetic—ferromagnetic transition with decreasing
temperature which takes place around room temperature
for all our samples. Sodium-based samples were character-
ized by an important MCE near room temperature which
gives the possibility to use them as magnetic refrigerants.
Electrical resistivity measurements revealed the presence of
a metal-semiconductor transition with increasing tempera-
ture. The presence of resistivity minimum around 42 K was
attributed to the electron—electron coulombic interactions.
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