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Abstract Structural, magnetic, and magnetocaloric prop-
erties of monovalent doped Lag;Bag,Mg 1 MnO; (M = Na,
Ag, K) powder samples, synthesized using the solid state
reaction at high temperature, have been experimentally
investigated. The Rietveld refinement of the X-ray powder
diffraction shows that all our synthesized samples are single
phase and crystallize in the distorted rhombohedral system
with R3c space group. Lattice parameters and the unit cell
volume increases with increasing average A-site ionic
radius (ra). The Mn—O-Mn bond angle decreases with
increasing (ra), ranging from 168.32° (M = Na) to 165.91°
(M = K). All our studied samples undergo a paramagnetic—
ferromagnetic transition. The Curie temperature T¢, shifts
slightly to a lower temperature with increasing (ra), which
is consistent with large cationic disorder. Magnetic entropy
change, |ASym|, deduced from isothermal magnetization
curves, reaches 3.04, 3.14, and 3.01 J/kg KforM = Na, Ag,
and K, respectively, in a magnetic applied field change of
ST. Large relative cooling power (RCP) value of 337.9 J/kg
is obtained for La ;Bag 2K ;MnO; sample, at a field change
of 5T. This relatively large value associated to a Curie
temperature of 311.5 K makes the present compound a
promising candidate for the magnetic refrigerators around
room temperature.
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Introduction

Since the observation of large magnetocaloric effect
(MCE) near the Curie temperature 7¢ in the perovskite
manganite La;_ M,MnO3 (M = Ca, Sr, Ba,..., etc.), there
has been renewed interest in these compounds as a working
substance in magnetic refrigeration technology operating at
room temperature [1-4]. The origin of the MCE is based on
the adiabatic demagnetization and the application of a
magnetic field in a ferromagnetic material induces a spin
reorientation thus decreasing the spin entropy [5]. This
process is accompanied by a rise of the lattice entropy
when the field is applied adiabatically. On the contrary, if
we remove off the magnetic applied field, the spin system
tends to randomize which increases the spin entropy,
reduces the lattice one, and consequently lowers the tem-
perature of the system. The MCE is intrinsic to the
magnetic materials and can be quantified by the isothermal
magnetic entropy change, |ASy|. The main requirements
for a magnetic material to possess a large |ASy| are the
large spontaneous magnetization as well as the sharp drop
in the magnetization associated with the ferromagnetic to
paramagnetic transition at the Curie temperature 7¢ [6, 7].

The La;_,Ba,MnOj phase diagram shows that compo-
sitions in the range 0.2 <x < 0.5 are ferromagnetic—
metallic [8]. In this system, double exchange interactions
and the localized lattice distortions, arising from Jahn—
Teller effect, have been invoked to explain the magneto-
transport properties [9-12]. Xu et al. [13] measured the
MCE of Lag¢;Bag33MnO; and found that the maximum
entropy change, |ASM®|, corresponding to a magnetic field
variation, AH, of 2T is 1.71 J/kg K at 350 K. In order to
attain large magnetic entropy changes induced by low
magnetic field changes at room temperature, many
researchers have shown that Curie temperature as well as
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magnetic entropy change can be tuned by controlling the
relative ratio Mn®"/Mn*", the average size of the A-cation
site (ra), and the disorder degree of the so-called mismatch
Assite effect given by 62 = 32 yir2 — (ra)* (vi: fractional
occupancy). Soma et al. [14] investigated the MCE prop-
erties of Lag,Bags;_,Na,MnO; and found that with
decreasing both (ra) and o°, |ASM™| decreases from
1.048 J/kg K (x = 0.05) to 0.624 J/kg K (x = 0.15) under
AH = 0.8T. Chen et al. [15] investigated the MCE prop-
erties of Lag;_,NdBaygsMnOs; and found that with
increasing Nd content, the 7 decreases from 333 K for
x = 0 to 269 K for x = 0.15, while ’ASM*"“ increases and
reaches 2.22 J/kg K upon a magnetic applied field change
of 1T. Phan et al. [16] investigated the MCE properties of
Lay7Cay 3_,Ba,MnOj; and found that for x = 0.12, |ASH™|
reaches 1.85 J/kg K upon a magnetic applied field change
of 1T. In the present work, we elaborated by the solid state
method at high temperature the Lag;Bag,MgMnO3
(M = Na, Ag, and K) powder samples and investigated the
effect of the monovalent substitution on the structural,
magnetic, and magnetocaloric properties.

Experimental

Powder samples of Lag,Bag,Mo MnO3; (M = Na, Ag,
and K) have been synthesized using the standard solid state
reaction method at high temperature. The starting materials
were intimately mixed in an agate mortar and then heated
in air up to 1000 °C for 60 h. The obtained powders were
then pressed into pellets (of about 1 mm thickness and
13 mm diameter) and sintered at 1100 °C in air for 60 h
with intermediate regrinding and repelling. Finally, these
pellets were rapidly quenched to room temperature in air in
order to freeze the structure at the annealed temperature.
Phase purity, homogeneity, and cell dimensions were
determined by powder X-ray diffraction at room tempera-
ture. Structural analysis was carried out using the standard
Rielveld technique [17, 18]. Magnetization measurements
versus temperature in the range 20-350 K and versus
magnetic applied field up to 7T were carried out using a
vibrating sample magnetometer. MCE were deduced from
the magnetization measurements versus magnetic applied
field up to 7T at several temperatures.

Results and discussion

In our studied samples, the Mn** amount remains constant
equal to 40%. Monovalent element doping leads to a
change in the average ionic radius (rh) and the mis-
match size ¢ of the A-cation site. The X-ray powder
diffraction (XRD) patterns at room temperature for the

Lag,Bag,Mp MnO3; (M = Na, Ag, and K) samples are
shown in Fig. 1. The profile refinement is started with scale
and background parameters followed by the unit cell
parameters. Then, the peak asymmetry and preferred ori-
entation corrections are applied. Finally, the positional
parameters and the individual isotropic parameters are
refined. The atomic occupations were set in terms of for-
mula and not refined in this work. The refinements show
that all our samples crystallize in the thombohedral system
with R3c space group. As expected the silver doped sam-
ple, LagsBag,Ago MnO5 undergoes a mixed phase system
in the rhombohedral structure composed of both manganite
and residual Ag metal [19, 20]. Detailed results of the
structural parameters deduced from the Rietveld analysis
are listed in Table 1. In this table the average size of A-site
cations ({ra)) and the mismatch size at the A-site (6?) are
also listed. The average ionic radius has been calculated
using the coordination number eight [21, 22]. With
increasing (ra), the unit cell volume increases from
355.04 A> (M = Na) to 357.73 A> (M = K) as shown in
Table 1. It is well-known that the rhombohedral distortion
results from the rotation of the MnOg octahedra around the
[111] direction. The values of the MnQOg octahedral tilts,
determined from the oxygen positions, are 7.12°, 7.29°, and
8.58° for M = Na, Ag, and K, respectively. The lower
rotation of the MnQOg octahedra for Lag;Bagy,Nay ;MnO3
sample is represented by larger Mn—O-Mn bond angle and
the lower Mn—O bond distance as shown in Table 1. It can
also be seen that the Mn—O-Mn bond angle increases with
increasing (r,), while the Mn—O bond length displays the
inverse correlation to the variation in the Mn—O-Mn bond
angle.

Magnetization measurements versus temperature in the
range 20-350 K in a magnetic applied field of 50 mT
showed that all our synthesized samples exhibit a transition
from paramagnetic to ferromagnetic state with decreasing
temperature (Fig. 2a). The Curie temperature T, deter-
mined from the position of the inflexion point in the M(T)
curve, is found to be 320.5 K, 318 K, and 311.5 K for
M = Na, Ag, and K, respectively. It should be noted that
such method gives for T higher value than that obtained
using the minimum of dM/dT (310.5 K, 297 K, and
268.5 K for M = Na, Ag, and K, respectively). Several
researchers have confirmed that usually the Curie temper-
ature Tc shifts to higher values with increasing (ra) or
decreasing o’ [23-26]. As it can be seen from Fig. 2b, T
undergoes first a modest decrease; while with further
increasing (rp) (M = K), the mismatch effect prevails over
(ra) leading to a decrease in Tc. It should be noticed that
for M = Na and Ag the ionic radius of the A-site increases
slightly while the cationic disorder and the Mn**/Mn*"
ratio remain constant. Rivas-Padilla et al. [27] have
reported the study of physical properties in manganites
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Fig. 1 XRD patterns of Lag7Bag,Mo ;MnO3; compounds. a M = Na,
b M = Ag, and ¢ M = K. Squares indicate the experimental data and
the calculated data is the continuous line overlapping them. The
lowest curve shows the difference between experimental and
calculated patterns. The vertical bars indicate the expected reflection
positions

@ Springer

with fixed structural parameters ((ry) = 1.23 A, o° =
0.005 1&2, and Mn3+/Mn4+=33%) and have shown that all
compounds present similar Curie temperature as well as
metal-insulator transition temperature.

For all our samples, in the paramagnetic phase (T > T¢),
the temperature dependence of the magnetic susceptibility
follows the Curie-Weiss law, y = T%OP, where C is the
Curie constant and 60p is the Curie—Weiss temperature
(inset Fig. 2a). The values of Op were found to be 325 K,
320 K, and 315 K for M = Na, Ag, and K, respectively.
The positive Op values imply the ferromagnetic nature of
the magnetic interactions between Mn ions. The Curie
constant values calculated from the line slopes of the
reciprocal susceptibility versus temperature curve, 3~ '(T),
have been used to estimate the experimental effective
paramagnetic moment ;. The effective paramagnetic
moment . theoretically expected can be calculated as
4.5 pp for all the investigated samples. The pgy value is
found to be 3.43 ug, 3.02 ug, and 2.74 ug for M = Na,
Ag, and K, respectively. These values are smaller than the
theoretical one, signature of a large spin-orbit coupling
occurring in our compounds and resulting in a gyromag-
netic factor less than 2.

In order to confirm the ferromagnetic behavior of our
samples at low temperatures, we performed magnetization
measurements versus magnetic applied field up to 7T at
several temperatures. The magnetization evolution versus
magnetic applied field for Lay,Bag,Nag MnO3 sample is
plotted in Fig. 3. Below T, the magnetization M increases
sharply with magnetic applied field for H < 0.5T and then
saturates above 1T. The experimental value of the sponta-
neous magnetization My(exp), deduced from the M(H)
curves is found to be 3.36 ug/Mn. The magnitude of the
M, (exp) is smaller than the theoretical value of 3.6 ug/Mn
calculated for full spin alignment. Figure 4a—c shows the
Arrott plots (M2 versus H/M) obtained from magnetization
isotherms for our synthesized samples. As can be seen,
Arrott plots above T shows a linear behavior which indi-
cates that a second order magnetic transition occurs [28].
Figure 4d shows the temperature dependence of the spon-
taneous magnetization and the inverse of the susceptibility
deduced from Arrott plots for Lag 7;Bag,Nag ;MnO5 sample.
The estimated values of the critical exponent, associated
with the spontaneous magnetization, are found to be 0.33,
0.26, and 0.21 for M = Na, Ag, and K, respectively.

The magnetic entropy change, |ASy|, has been calcu-
lated from isothermal magnetization measurements. Based
on Maxwell’s relations, |ASy|, can be evaluated using the

following equation |ASy| = %AH where M; and
i 1 1

M;,, are the experimental values of magnetization mea-
sured at temperatures 7; and T;,;, respectively, under
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Table 1 Refined structural
parameters of

La0A7B aolzNao' 1M1'103

Lag 7Bag2Ago.1MnO3 Lag 7Bag 2Ko.;MnO3

Lag 7Bap Mo ;MnO; samples a(A) 5.520(8) 5.531(1) 5.538(6)
(M = Na, Ag, and K) at room o
temperature b(/}) 5.520(8) 5.531(1) 5.538(6)
c(A) 13.450(7) 13.465(6) 13.466(1)
V(A% 355.04(3) 356.75(1) 357.73(6)
Mn-O(A) 1.959(7) 1.962(8) 1.968(6)
Mn-O-Mn(°) 168.32(4) 168.06(5) 165.91(4)
(ra)(A) 1.214 1.224 1.247
(A?) 10.64 x 1073 10.86 x 1073 18.20 x 1073
7 1.42 1.17 1.15
3,5
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Fig. 2 a Temperature dependence of the magnetization at
toH = 50 mT (the inset shows the temperature dependence of
reciprocal magnetic susceptibility) and b Curie temperature evolution
versus (ra) for Lag;Bag,Mo MnO; samples

magnetic applied field H; [29]. Figure 5a—c shows |ASy| of
the Lag 7Bag .M ;MnO3 (M = Na, Ag, and K) samples as a
function of temperature for several external magnetic field.
All our samples exhibit large MCE effect around the
magnetic transition temperature and the magnitude of |ASy|

Fig. 3 Magnetization evolution versus magnetic applied field at
several temperatures for Lag;Bag,Nap ;MnO; sample

increases with increasing the magnetic applied field. Our
samples exhibit a maximum entropy change, }ASM*”‘ , equal
t00.77 Tkg ' K1, 0.71 kg~ ' K™', and 0.74] kg~ ' K!
upon a magnetic field change of 1T and 3.87 J kg~ ' K™/,
3.85Tkg ' K™!, and 3.97 J kg=' K~ upon 7T, respec-
tively for M = Na, Ag, and K. For Lay;Bag,Nag;MnO3
specimen, the evolution of |ASy| as a function of temper-

ature shows two sharp peaks with }ASﬁax’ values of 3.16
J/kg K and 3.87 J/kg K upon a magnetic field change of 7T.
The second maximum occurs, as expected, at the magnetic
transition temperature. The relative cooling power (RCP)
is evaluated as RCP = —ASwu(T,H) x 0Tpwum Wwhere
0Trwnm is the full-width at half-maximum of |ASy| versus
temperature [30]. For our samples, the RCP value is found
to be 307.1 J/kg, 271 J/kg, and 337.9 J/kg at 5T for
M = Na, Ag, and K, respectively. The RCP value of
Lag,Bag Ky MnO3 sample is higher in magnitude and
occurs close to room temperature compared to M = Na and
Ag samples. In addition the magnitude of the RCP is about
82% of that of pure Gd [6]. Phan et al. [31] reported an
overview on magnetocaloric properties of manganite

@ Springer
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materials. The higher RCP value is observed in Laggys
Sr.155MnO;3 [31] which reaches 670 J/kg under 7T around
235 K making difficult its application in magnetic refrig-
eration near room temperature. Moreover, Lag 7Cag 2551 o5
MnO; [32] and Lag;Cag,SrgMnO;5 [7] compounds are,
respectively, characterized by an RCP value of 462 J/kg
(5T) and 374 J/kg (5T) around room temperature which are
comparable to our results. In order to further quantify
the efficiency of our synthesized samples as a refrigerant,
the heat originated only from magnetic entropy change can

Tc+AT
QM(TalT) = TCCjAT

|ASm(T, 1T)||. The temperature range, AT, for which
ASym/ASM™ > 75%, is found to be 44 K, 40 K, and 49 K
for M = Na, Ag, and K, respectively. A typical curve
ASym/ASM™ versus temperature is plotted in Fig. 5d for
M = K. These wide temperature values associated to large

be calculated using the relation

@ Springer

magnetic entropy change is very beneficent for an ideal
Ericsson refrigeration cycle [33]. The Qy; values are
determined to be 40.3 J/kg, 44.5 J/kg, and 49.4 J/kg for
M = Na, Ag, and K, respectively. Our results may be
interesting enough, compared to materials considered as
good for applications in magnetic refrigerators, opening a
way for investigations of materials useful for magnetic
refrigeration.

Conclusions

We investigated the effect of monovalent doping on the
physical properties of Lag;Bag,Mp MnO; (M = Na, Ag,
and K) powder samples. The structural study shows that all
our synthesized compounds crystallize in the rhombohedral
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Fig. 5 Magnetic entropy
change |ASy| as a function of
temperature at several magnetic
applied field for

Lag7Bag My 1MnO; samples,
aM=NabM=Ag,

¢ M =K, and d Typical plot
showing ASy/ASM™ versus
temperature for M = K sample
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structure with R3¢ space group. All our samples exhibit a
paramagnetic—ferromagnetic transition with decreasing
temperature. A large MCE is observed in our samples.
Lag 7Bag Ky ;MnOj3 sample exhibits the highest RCP value
of 337.9 J/kg upon a magnetic applied field change of 5T.
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