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ABSTRACT

In this study, the effect of potassium doping on the morphological, crystallo-
graphic, magnetic and magnetocaloric properties of La;4Ca;sMn,O; double
perovskite produced by the sol-gel wet chemical method was investigated. XRD
analysis reveals that all samples have different percentages of tetragonal 14/
mmm space group (double perovskite) and orthorhombic Pnma (perovskite)
space group with. All samples showed a ferromagnetic to paramagnetic tran-
sition and a systematic decrease in T¢ values was observed from 250 K for
x = 0.0 to 150 K for x = 0.4 sample due to the increased amount of K* due to the
coexistence of different ferromagnetic and antiferromagnetic interaction ratios
in the samples. A decrease in the magnetic entropy change values was also
observed with the decrease in the ferromagnetic double exchange interaction,
due to the fact that the Mn*" ions increasing with the K doping support the
antiferromagnetic Mn*"—O?"-Mn*" super-exchange interactions. For the field
change of 1 T, the maximum magnetic entropy change for the sample Laj 4
Caq ¢Mn,0O, was found to be 1.0 ]kg_1 K~! it decreased down to 0.68, 0.75 and
0.60 ]kg_l K_l for L31.3K0.1C81'6Mn207, Lal'zKolzcaL(,anO% La1.0K0'4C31'6M1’12_
Oy, respectively. Experimental results indicate that the samples can be potential
candidates for sub-room temperature magnetic cooling application.
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basis of all cooling processes carried out today is
based on vapor-compression technology. Among the

1 Introduction

Cooling systems, which we are encounter in all areas
of dail life, are widely used to keep our foods cool
and living spaces at comfortable temperatures. The
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various alternative technologies that can be used in
cooling applications, researchers focus on magnetic
cooling technology. Magnetic cooling technology,
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despite some practical difficulties, can be an alterna-
tive to the vapor-compression technology commonly
used in daily life. Although the cooling systems used
today are of low efficiency, they are mass-produced
and sold all over the world due to their commercial
value. On the other hand, magnetic cooling systems
used for technological and scientific purposes at
temperatures below room temperature have high
efficiency. However, it is the cooling that can be
applied around room temperature that is commer-
cially important. Materials exhibiting sufficiently
high magnetocaloric effect (MCE) to be used in
magnetic cooling technology around room tempera-
ture have been achieved. It is now believed by the
scientific community that magnetic cooling technol-
ogy can be an alternative to the vapor-compression
technology that has been widely used due to the
development of such materials. Based on the above
motivation, magnetic measurements of many com-
pounds have been extensively made, with the con-
sideration that the rare-earth elements and their
alloys show large MCE. The year 1997 marked a
turning point due to the finding of GdsSi,Ge; alloy
and its practical use in pilot applications in magnetic
refrigerating [1, 2]. Nevertheless, since Gd and Gd-
based alloys are very expensive, difficult to form and
require large magnetic field changes to show high
MCE, commercial- use of refrigerators made of these
materials does not yet seem economical.

In the past years, manganite compounds with the
chemical form La;_,A,MnOj3 (A can be a monovalent
or a divalent ion) and display high MCE values
around room temperature have been found [3-5]. It is
a thought that manganite compounds have consid-
erable potential for the improvement of magnetic
cooling systems in commercial means because the
negations seen in Gd and Gd-based alloys do not
exhibit in these compounds. It is well known from the
literature that physical properties such as Curie
temperature (Tc), magnetic entropy change (ASwp),
adiabatic temperature change (AT,4) can be adjusted
in a wide range depending on the oxidation state,
ionic radius and doping concentration of the additive
[6, 7]. There are many studies investigating the effects
of monovalent ion, divalent ion and simultaneous
doping of both ions on the structural, electrical and
magnetic properties [8-10]. In these studies, it has
been found that some magnetic and magnetocaloric
properties are affected positively, some are nega-
tively in a sample produced by monovalent or
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divalent ion doping. Except for La;_,A,MnO; man-
ganite family, another family in the chemical form
Ay _2:B112:Mn,Oy, the so-called double perovskite
manganites (A is a trivalent rare-earth cation like La,
Nd, or Pr and B is a divalent alkaline earth cation like
Sr, Ca, or Ba) have also been extensively studied
[11-16]. This double perovskite manganite family
differs from common La;_,A,MnOj; type perovskite
manganite compounds with its layered crystal
structures and anisotropic exchange-interactions [17].
The crystal structures of these compounds consist of
MnO, bilayers stacked along the c-axis, separated by
insulating (R, A)-O layers. Since these compounds
contain layered structures, physical properties are
affected even by small changes that may occur in
their composition and crystal structures due to dif-
ferent elemental additives. The fact that the Curie
transition temperatures of the compounds can be
easily adjusted depending on the change in doping
amounts and high ASy values are obtained at very
low magnetic field changes, make these compounds
high candidate materials for use in magnetic cooling
applications. In this article, the structural, morpho-
logical, magnetic and magnetocaloric effect proper-
ties of La; 4, K, Ca; Mn,O, (x = 0.0, 0.1, 0.2, and 0.4)
double perovskite manganite were investigated.

2 Experimental procedure
2.1 Sample synthesis

La; 4Ca; 6Mn,Oy, La; 3Kg1Ca; ¢MnyO7, Laj2Kg,Cay 6
Mn,0Oy, La; ¢Kg4Caj §Mn,O; double perovskite man-
ganites were prepared by sol-gel method. The details
of the sol-gel preparation procedure can be found
elsewhere [18]. For convenience throughout the
study, the compounds La;4Ca;¢Mn,O; LajsKg;i-
Ca; (Mny0Oy, La;2Kp2Ca; sMnyO7, Lag oKp4CagsMns.
Oy are labeled as LCM1, LCM2, LCM3 and LCM4,
respectively. After the powder samples obtained
from the sol-gel process were ground, they were
pressed into pellets under 3 tons. Then pressed
samples were sintered at 1000 °C for 24 h in an air
atmosphere and cooled down to room temperature in
the furnace.
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2.2 Characterization methods

The morphologies of the samples were investigated
by field emission scanning electron microscope
(FESEM, JEOL, JSM 5800). The crystallographic
properties of the samples (crystal symmetry, phase
purity, unit cell parameters and volumes) were
characterized using the Bruker D2 Phaser X-ray
Diffractometer with CuK, (1 = 1.54056 A) radiation
at room temperature from 20° to 100° at a 20 step of
0.01°. The temperature and field dependencies of
magnetization [M(T) and M(H)] were collected using
a Quantum Design-Physical Properties Measurement
System (PPMS). M(T) was measured under 25 mT in
zero-field-cooled (ZFC) and field-cooled (FC)
sequences. In the ZFC sequence, the sample is first
cooled down to 5 K under zero-field. Then, a field of
25 mT was applied, and the magnetization was
measured up to 320 K. Subsequently, without
removing the field, the magnetization was measured
in the FC sequence down to 5 K. In order to deter-
mine the magnetocaloric properties, M(H) isotherms
were taken with increasing and decreasing fields
between 0 and 5 T at constant temperatures around
Tc in 4 K increments.

The magnetic entropy changes (ASy,) are calculated
using M(H) curves, by means of the thermodynami-
cal equations of Maxwell which relates the magnetic
entropy change with magnetization:

H

ASM(T,H):/ <6M> dH (1)
o \OT /

For practical reasons, the above integral is

approximated with a summation and the derivative
in the integral with the finite difference form, with
discrete magnetization values at discrete tempera-
tures and applied fields, as follows;

M(Ti;1,H;) — M(T,; H;
= STt
]

(Hiv1 — Hj)

(2)
where (45y); is the magnetic entropy change at a
temperature T;, M; and M;,; are the experimental

values of the magnetizations obtained at the tem-
peratures T; and T;,; under the magnetic field H;.

3 Results and discussion
3.1 X-ray diffraction (XRD) pattern analysis

Figure 1 shows the typical XRD patterns of poly-
crystalline La; 4, K,Ca; Mn,O7 (x = 0.0, 0.1, 0.2, and
0.4) compounds. All lines in the patterns have been
indexed together according to the probability of the
tetragonal I4/mmm space group (double perovskite)
and the orthorhombic Pnma (perovskite) space
group. The lattice parameters obtained for the sam-
ples are compatible with those obtained in the studies
conducted in the literature [18, 19]. The structural
parameters volume fraction for the parent and the
K*-doped compounds were obtained by refining the
experimental data using the MAUD program and are
listed in Table 1. It is found that the lattice parameters
were decreased nearly unsystematically with
increasing K* concentration. With the addition of K™
ions into the crystal structure, the volume fraction of
the tetragonal structure decreased. However, despite
the increasing amount of K ions in the crystal
structure, the volume fraction of tetragonal and
orthorhombic crystal structures in the doped com-
pounds remained almost the same.

3.2 Scanning electron microscopy (SEM)
analysis

The scanning electron microscopy (SEM) was used to
examine the microstructure, grain diameter and grain
size distribution of the compounds. The SEM micro-
graphs of the samples are given in Fig. 2. The average
grain sizes of the samples were calculated using
Image ] software and the average grain size his-
tograms of the samples are given in Fig. 3. It is seen
that increasing K* concentration level has made
almost no considerable changes in grain size for the
samples, with the exception of LCM3. It is observed
from the SEM photographs and histograms; the
average grain size of these samples varies between
400 and 440 nm and these compounds have homo-
geneous grain formation and uniform grain distri-
bution. But the average grain size of the LCMS3
sample is about 284 nm, which is smaller than the
others. Considering that the ion radius of K* is larger
than that of Ca, the decrease in grain size of the
LCM3 sample due to the increased amount of K* is
not an expected result. The SEM image of LCMI1
manganite shows that the grains are not tightly
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«Fig. 1 Observed and calculated XRD data and refinement for
La; 4 .K,Ca; §MnyO; (x = 0.0, 0.1, 0.2, and 0.4) samples

bound, contain porous structure, irregular spherical-
like and polygonally formed in random directions.
The grain formation of undoped LCM1 is like a
combination of several small grains that gather as
groups in the structure. However, it is seen that the
grains become more spherical and homogeneous
depending on the increasing K* concentration. As a
result of K™ addition, porous structure gradually
disappeared, resulting in tightly bound grains and a
morphology with less porosity. All compounds were
pressed under the same pressure and subjected to the
same heat treatment steps. The only difference in
these stages is the number of larger radius K* ions
that replace the Ca ions in the compounds. Therefore,
during the crystallization stage depending on the
heat treatment, there is a competition between the
possibilities of either combining grains with another,
remaining as an isolated grain, or combining with
existing particles while the grain formation.
Depending on the result of this competition, changes
in surface morphology may occur on the surface of
the samples. Therefore, it is expected that the mor-
phology of the samples will affect the magnetic
properties [20].

3.3 Magnetic properties

The temperature dependence of magnetization was
measured using zero-field cooling (ZFC) and field-
cooling (FC) processes. Figure4 shows the
M-—T curves of the samples under ZFC and FC con-
ditions for an applied field of 25 mT. All samples
showed a ferromagnetic to paramagnetic transition,
called Curie temperature (T¢) and their values were
found to be 250, 200, 175, and 150 K for the LCM1,
LCM2, LCM3 and LCM4, respectively. It can be seen
from Fig. 4 that replacing La’" by K" causes the
value of T¢ to shift towards to low-temperature
region. It can be said that the K™-doped samples
show a weak ferromagnetic behavior at temperatures
above T due to the short-range FM spin interactions
observed in the double-layered manganites [21].
Since the amount of calcium in the compounds is the
same for all samples, the number of Mn ** ions in the
crystal structure is the same due to the presence of Ca
ions in the compounds. However, for the K- doped
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Table 1 The structural parameters obtained by refining with the MAUD program for the samples

La; 4Ca; §Mn,0, La; 3K¢.1Ca; ¢Mn,0; La; 5Ky 2Ca; sMn0; La; ¢K¢.4Ca; sMn,0;

Tetragonal (I4/ Orthorhombic  Tetragonal (I4/ Orthorhombic  Tetragonal (I4/ Orthorhombic  Tetragonal (I4/ Orthorhombic
mmm) (Pnma) mmm) (Pnma) mmm) (Pnma) mmm) (Pnma)

a: 3.8562 A a: 54513 A a: 3.8246 A a: 5.4480 A a:3.8516 A a: 5.4474 A a: 3.8290 A a: 54184 A
b: 3.8562 A b: 7.6951 A b: 3.8246 A b: 7.6880 A b: 3.8516 A b: 7.6884 A b: 3.8290 A b: 7.6388 A
c: 19.2488 A c: 5.4663 A c: 19.2548 A c: 5.4684 A c:19.1884 A ¢: 54627 A c: 19.1557 A ¢:5.4429 A

Volume Volume Volume Volume Volume Volume Volume Volume
fraction: fraction: fraction: fraction: fraction: fraction: fraction: fraction:
% 47.1 % 52.9 % 24.6 % 75.4 % 21.6 % 78.4 % 21.5 % 78.5

X | 10.0 mm | ETL

0 kv 20.7 pm | 2.50e-4Pa 20000 x | 12.0 mm | E Cukurova University

Fig. 2 Scanning electron micrograph of La, 4_,K,Ca; §Mn,O5 for x = 0, 0.1, 0.2, and 0.4 samples

samples, we have to consider some chemical states. oxidizes two Mn>" ions to Mn*" ions. Therefore, the
The replacement of some La ions with K* ions in the occurrence of the antiferromagnetic Mn**-O* -Mn**
compounds will cause a gradual increase in the super-exchange interactions will increase in com-

number of Mn ** atoms in the structure due to the  pounds due to the increasing amount of K* ions. We
amount of K* ions. It is well known that each K™ ion can say that the systematic decrease in the Tc values

@ Springer
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Fig. 3 The size distribution histogram of La, 4 ,K,Ca; ¢Mn,O; for x = 0, 0.1, 0.2, and 0.4 samples

of the compounds due to the increasing amount of
K™ is due to the coexistence of different rates of fer-
romagnetic and antiferromagnetic interactions in the
samples and the antiferromagnetic interactions
becoming more dominant with the increase of Mn**
ions in the structure. When the magnetization mea-
surement is performed under the FC process,
M(T) curve in a PM-FM transition temperature range
is expected to increase sharply straight with
decreasing temperature up to the demagnetization
limit and remain constant on the way to the low-
temperature region [17]. For the studied compounds,
the magnetic transition has occurred over a short
temperature range (almost sharp transition) for
LCM1 and this transition region widened with
increasing K* concentration in the samples.

During the temperature-dependent magnetization
measurements, the samples are either cooled in a
zero magnetic field or cooled in a weakly applied
magnetic field. During the experiment, the response
of the magnetic spins to the applied magnetic field in

@ Springer

the samples is due to both the strength of the applied
magnetic field and the magnetocrystalline anisotropy
energy [22, 23]. If the anisotropy field is large com-
pared to the applied magnetic field, in this case, the
applied external magnetic field will not be sufficient
to align all the spins in the direction of the applied
magnetic field [24]. Hence, the bifurcation between
the FC and ZFC curves is strongly dependent on both
the applied magnetic field and the magnetocrys-
talline anisotropy energy. Therefore, different net
magnetizations are obtained due to the different spin
orientation occurring in the field applied or untreated
material [17]. Therefore, the degree of the bifurcation
between the FC and ZFC curves is strongly depen-
dent on both the applied magnetic field and the
magnetocrystalline anisotropy energy. Similar devi-
ations between ZFC-FC curves in low-temperature
regions are observed in spin glasses and superpara-
magnetic nanoparticles [25]. In addition, a similar
ZFC-FC magnetization curve was observed in phase-
separated manganite compounds with co-existing
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ferromagnetic clusters and antiferromagnetic matrix
[26].

Although the same external magnetic field is
applied to all samples, a large bifurcation was
observed between ZFC and FC curves towards lower
temperatures depending on the increasing amount of
K* concentration. Based on this result, we can say
that the magnetocrystalline anisotropy in the com-
pounds increases further with increasing K™ amount.
The separation between the ZFC-FC curve has star-
ted at a temperature, also called the irreversibility
temperature (Tirr), and this separation became more
evident towards lower temperatures for all samples.
This obvious separation between ZFC-FC curves in
K*-doped samples is known as a typical magnetic
property observed in spin-glasses systems [27]. A
broad peak was seen in the ZFC curves of each
sample after the bifurcation point. This peak is also

called spin-glass freezing temperature (Tg), where
the system goes to a glassy state below this temper-
ature and is also considered a characteristic behavior
of disordered systems [27]. When the amount of K*
concentration in the samples was increased, the peak
gradually expanded and shifted to lower
temperatures.

The magnetic field dependence of magnetizations
of the samples was measured at certain constant
temperatures below and above Tc (in 4 K increments)
at a magnetic field increase of 0.1 mT from 0 to 5T
and the results are shown in Fig. 5. At temperatures
where the compounds show ferromagnetic proper-
ties, it is expected that the magnetization will increase
rapidly with a low magnetic field due to the rapid
growth of the ferromagnetic domains, and it will
reach saturation with the increasing magnetic field.
Although it was observed that the magnetizations
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increased rapidly at low fields in all compounds in
the ferromagnetic region, it was observed that none
of the compounds reached saturation at high fields. It
is seen that it is difficult to reach saturation in high
magnetic fields, especially due to the increase in the
K™ concentration in the compounds. It can be said
that the antiferromagnetic phase becomes more
dominant due to the increase in the K concentration
in the compounds. Because it is known that the
probability of Mn**-O*"-Mn*" antiferromagnetic
super-exchange interactions will increase depending
on the number of Mn*" ions increasing as a result of
increasing K* concentration. Above T¢, magnetiza-
tion curves increased linearly with the applied mag-
netic field, which is indicative of typical
paramagnetic behavior. A significant change in
magnetization curves was seen around the T¢ of the
LCM]1, indicating a remarkable magnetocaloric effect.

@ Springer

However, it was observed that this change gradually
decreased with increasing K* concentration.

In Fig. 6, the temperature dependence of the
magnetic entropies (|1ASy|) corresponding to five
different field (1-5 T) changes is given. The maxi-
mum magnetic entropy changes under an applied
magnetic field change of from 0 to 1 T were calcu-
lated as 1.0, 0.68, 0.75 and 0.60 Jkg ' K™ for the
LCM1, LCM2, LCM3, LCM4, respectively. The max-
imum magnetic entropy change of LCM1 appears to
be higher than that of the K*-doped samples.

As is well known, just because a compound has a
high T value does not mean that the compound will
have a high |ASy|. It is well known that the high
magnetic entropy change in manganite compounds
occurs from a rapid change of magnetization close to
the transition temperature in the compound, from the
sharpness of the M—T curve during the ferromag-
netic-paramagnetic phase transition, variation of the
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ferromagnetic and antiferromagnetic interactions
between Mn”* and Mn** ions and strong spin-lattice
interactions during the magnetic ordering process
[28]. It is also necessary to take into account changes
in Mn-O bond length, Mn—-O-Mn bond angle, and
lattice parameters that contribute to spin order or
disorder. Among the potassium-doped samples, it is
seen that the LCM3 sample has a higher maximum
magnetic entropy value than the other two K™-doped
samples. The maximum magnetic entropy behavior
of the LCM3 sample in the K*-doped samples con-
tradicts the T behavior of the K*-doped samples.
Although the T value of this sample was lower than
that of the LCM2 sample, the |ASy|values were
found to be higher.

The maximum magnetic entropy change values
increased with increasing magnetic field for all

compounds. However, a shift was observed in the
maximums of the magnetic entropy changes of the
samples towards higher temperatures depending on
the increase in the applied magnetic field up to 5 T.
There are two types of interaction mechanisms that
compete within the compound and affect the mag-
netic properties of perovskite manganite compounds:
the Mn’*-O*"-Mn** double-exchange interactions
which are ferromagnetically coupled and the cou-
pling between Mn*'-O*-Mn’*, Mn*"-O* -Mn*"
which are antiferromagnetic super-exchange interac-
tions. It is known that the large ZFC and FC splitting
observed below T¢ in the M—T curve of the samples
indicates a short-range ferromagnetic order as a
result of the coexistence of both ferromagnetic and
antiferromagnetic interactions. So, this shift can be
explained by the enhancement of ferromagnetic
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double-exchange interaction between Mn’' and
Mn** with the increase of the applied magnetic field
[29].

4 Conclusion

In summary, the double-layered La;4 .K.Caj¢Mns.
O7; (x =0.0, 0.1, 0.2, and 0.4) manganites were syn-
thesized by sol-gel method, where all samples have
different volume percentages of tetragonal 14/mmm
(double perovskite) and orthorhombic Pnma (per-
ovskite) space groups. The structural and magnetic
measurements were carried out systematically for all
samples. The T decreased from 250 to 100 K as the
K™ content in lanthanum manganite increased from
0.1 to 0.4. It is possible to attribute these decreases to
the increased number of Mn** ions as a result of the
introduction of more K* ions into the crystal struc-
ture. This decrease in T can be explained in terms of
an increase in Mn** content, decreasing the double-
exchange interaction between Mn’*"-O* -Mn**,
increasing the Mn**-O*"-Mn**super-exchange
interaction. Because the number of antiferromagnetic
Mn*"-O*"-Mn*"  super-exchange  interactions
between increasing Mn** jons will increase. Thus,
increasing antiferromagnetic interactions became
dominant in the perovskite phase compared to fer-
romagnetic interactions, causing the T values to shift
to lower temperatures. In addition, there are obvious
differences between FC and ZFC magnetization
curves at low temperatures, defining a spin-glass-like
behavior. The splitting between FC and ZFC curves
increased as the K* concentration increased in the
samples. These have resulted from the frustration of
randomly competing ferromagnetic double-exchange
and antiferromagnetic super-exchange interactions,
along with anisotropy arising from the layered
structure. The maximum magnetic entropy changes
of La; 4Ca; ¢Mn,0O; were calculated to be higher than
that of K*-doped ones. The substitution of K for La
decreased both T and maximum magnetic entropy
change of the samples. Doping an x amount of K*
introduces 2 x Mn*" ions into Mn*" ions in the
compounds and antiferromagnetic Mn*"-O*"—
Mn**super-exchange interactions increase, this pro-
cess favors super-exchange interactions and conse-
quently reduces ferromagnetic double-exchange
interaction. In addition to these, the increase in the
percentage of orthorhombic phase included in the
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structure with the addition of K* also shows that it
causes a decrease in T and AS,, values. Besides, the
magnetic entropy change results show that the
studied samples can be considered to be a potential
candidate for sub-room temperature magnetic cool-
ing application.
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