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ABSTRACT

The LaO.55C30_35 M[l03, Lao_55 CaO‘ggpbo‘osMDO3 and LaO‘Gs Caogopbo_(ﬁ M[lg‘gCUo'] 03 cornpounds, prepared by
the sol-gel method and sintered in air at 1100°C for 24 h, have been investigated by Magnetic Prop-
erties Measurements System (MPMS) to explore the effects of A- and B-site cation doping. From the
measurements, the Curie temperatures (T¢) and the isothermal magnetic entropy changes (—ASy) were
determined. The Curie temperature of Lag 5 Cag35MnO3; compound was found to be 273 K. The Curie tem-
perature increases to 286 K for the LaggsCag 30PboosMn0O3 compound due to the substitution of Ca by a
small amount of Pb. However, replacing 10% of Mn with Cu (Lagg5Cao.30Pbo.osMnggCug103) leads to a
reduction in the Curie temperature to 223 K. For the field change of 1T, while the maximum magnetic
entropy change for the sample Lag gsCag 35Mn03 was found to be 4.1 J/kg K it decreases down to 2.6 J[kg K

Magnetic measurements

and 3.2 ]/kgK for the Lagg5Cag30Pbo.osMnO3 and Lag g5Cag30Pbo.os MngoCug.1 03 samples, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Cooling systems, seen in all areas of daily life, are widely used
for keeping our foods cool and living spaces at comfort tempera-
tures. Today, process of cooling is mostly realized by means of vapor
compression. For very low temperature (<10 K) magnetic cooling
systems, based on magnetizing and demagnetizing a paramagnetic
material, are becoming to be preferential and widespread. Although
the magnetocaloric effect (MCE) has been known for years, signifi-
cant studies in this field have been carried out during the last couple
decades [1-5]. The discovery, that Gd and some of its alloys exhibit
large MCE, has triggered intensive studies on these materials [6-9].
Besides, recent studies have also shown that manganite compounds
in the chemical form of La; _yAxMnO3 where (A is a monovalent ion
such as Na, Li, Ag and K or a divalent ion such as Ca, Sr, Ba and Pb)
exhibit large MCE around room temperature [10-13]. It is often
expressed that these manganite based compounds have an impor-
tant potential for the development of magnetic cooling systems
in commercial means, because the intrinsic negations seen in Gd
and in the other rare earth elements do not show up in these com-
pounds. Additionally, the low production costs, the ease of shaping
and preparation and low magnetic hysteresis are among the other
superiorities of these materials. Yet, the needed optimization of all
parameters in order for these materials to be used as active mag-
netic cooling element for room temperature applications has not
been accomplished.
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From the research papers on the effect of monovalent or divalent
ion doping of these compounds in La site (A-site) on the magnetic
properties it is seen that some magnetic properties are affected
positively; some negatively [14-16]. It is known that the magnetic
properties of these compounds are very sensitive to the average
valence state of the Mn ions, since the electronic configuration
and average ionic radius of the manganese site (B-site) depend on
the average valence state of the Mn ions. If the substituted ion (A
in La;_yAxMnOs) is divalent, it oxidizes a Mn3* ion to Mn** ion,
but if it is a monovalent ion, it oxidizes two Mn3* ions to two
Mn** ions. Therefore, Mn3*/Mn** ratio changes, depending on the
valence state and the concentration of the substitute ion. Mn3* and
Mn** ions differ in their ionic radii. La3* and the substitute ion in A-
site may also have different ionic radii. Because of these ionic radii
differences, the concentration level plays very important role in the
formation of crystal structure of the resulting compounds as well
as in magnetic properties.In this work, 0.35 Ca and 0.30 Ca+0.05
Pb have been chosen for the doping in the A-site. Both Ca and Pb
ions have 2+ valence state and with the concentration levels given
above, Mn3*/Mn** ratio is made fixed, in order to explore the effect
of the average ionic radius, (r,), of the A-site. In addition to the A-
site doping, it is possible to simultaneously dope the B-site of these
compounds. Some transition metals (Fe, Cu, Ni, Co, etc.) have been
used as doping element in the B-site [17-19]. Cudoping in the B-site
has been done in this study because of both the double valuedness
of the valence state of Cu ions and differences of its ionic radius in
case of 2+ and 3+ valence states. The results in the literature related
to the valence state of Cu ions within the structure of B-site doped
compounds are diverse.

0. Klyushnikov et al., claim that the oxidation state of Cu is
2+ in the Lag 79Cag3pMng g97Cug 9303 compound, based on their X-
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Fig. 1. Temperature dependence of the magnetization at pu,H=50mT
for the samples: (a) LagesCapssMnOs, (b) LaggesCagsoPboosMnOs, (c)
Lag 65Cao.30Pbo.os Mng.90Cuio.1003.

ray photoelectron spectroscopy (XPS) results [20]. Pi et al. have
investigated the magnetic properties of Lag g»5S5rg.175Mnj_xCuyxO3
(0<x<0.20) compounds. They concluded that the strength of fer-
romagnetism of their samples decreases with the increase of Cu
content. They claim that the valence state of Cu ions is 2+, hence,
Cu substitution increases the content of the Mn** ions and anti-
ferromagnetic superexchange interaction becomes dominant. At
the same time, the Mn3*-0%2--Mn** bonds are destroyed gradu-
ally [21]. Zhou et al. have investigated the transport and magnetic

Table 1
The values of the (ra), (rg), Tc, Mn3*/Mn*" ratio for the LaggsCap3sMnOs3,
Lag 65Cao30Pbo.0sMnO3 and Lag 65 Cag30Pbo.osMno.9oCuo.1003.

Compound (ra) (A)  (mg) (A)  Tc(K) Mn*/Mn*
Lag5Cap35Mn0O3 1.2034 0.6047 273 1.857
Lag65Cap30Pboos MnO3 1.2109 0.6047 286 1.857
Lap 5Cap.30Pbo.os Mng 9o CU0_102+O3 1.2109 0.6017 223 1.000
Lag 65Cag.30Pbo.0sMno.g0Cg 103" 03 1.2109 0.5942 223 1.571

properties of Lag7Cag3Mn_xCuxO3 compounds. They have found
shifting in the T¢ values towards lower temperatures and broaden-
ing in the width of the magnetic transition region with increasing
Cu content. They also observed, through XPS analysis, that some of
Cu ions entering into sample is in the form of Cu3*, besides Cu2*
[22].

The purpose of this work is to investigate the effect of Pb sub-
stitution in A-site and Cu substitution in B-site on the magnetic
and magnetocaloric properties of Laggs5Cag35Mn0O3 compound. It
is expected that the substitution of an element having different
ionic radii and valence state causes variations in the average ionic
radius of both A and B-sites ((r4), (rg)). Depending on these vari-
ations, Mn-0 bond length and Mn-0-Mn bond angle change and
ferromagnetic double exchange interaction and antiferromagnetic
superexchange interaction between the neighboring Mn ions also
change. These changes alter the behavior of the magnetic phase
transition of the compounds. So, different element substitution in
the parent compound will influence magnetic properties. Further,
depending on differences in ionic radii of Mn3* and Mn** ions, if
any change occurs in the number of these two ions, it will directly
change the Mn*3/Mn** ratio and (rg), and hence change the mag-
netic properties of the compounds.

2. Experimental

In this study, the LaggsCap3sMnOs, Lages(CapsoPboos)MnOs and
Lage5(Cap.30Pboos )MnggoCup 103 samples have been prepared by the sol-gel
method. For each compound, appropriate amounts of La;03, CaCOs3, Pb(NOs3),,
Mn(NOs3 ), and CuO were dissolved in dilute HNO3 solution at 150°C. Then citric
acid and ethylene glycol were added to the mixture. Viscous residual was formed
by slowly boiling this solution at 200 °C. The obtained residual was dried slowly at
300°C until dry-gel was formed. Finally, the residual precursor was burned in air
at 600°C in order to remove organic materials produced during chemical reactions.
The material obtained from this process was ground to fine powder by using an
agate mortar. Three pellets of 13 mm diameter and 2 mm thickness were produced
by pressing under the pressure of 3 tons. Each pellet was then sintered at 1100°C
for 24 h in air and cooled down to room temperature in the furnace.

The magnetic properties were measured by using a Quantum Design MPMS in
the temperature range 5-300 K with magnetic fields up to 5T. From the tempera-
ture dependence of magnetization, T¢ values were determined in an applied field
of 50 Oe. In the zero-field-cooled (ZFC) measurement sequence, the sample is first
cooled down to 5K under zero-field and then, the field of 50 Oe is applied, and the
magnetization of the sample is measured up to 300 K. Subsequently, without remov-
ing the field, the magnetization is measured down to 5K (field cooled: FC). In order
to determine the magnetocaloric properties, magnetization versus magnetic field
M(H) measurements were made on increasing fields between 0 and 5T, at constant
temperatures around T¢ in steps of 3K.

3. Results and discussions

In Fig. 1a-c the temperature dependence of magnetizations,
M(T), under both zero field and field cooling conditions, employ-
ing an applied field of 500e are shown. The Curie temperature,
T¢, was found to be 273K for the Lag g5Cag 35 MnO3 sample. This T¢
value is higher than the most of the values reported in the litera-
ture. Koubaa et al. obtained 248K for the same compound which
was prepared by the solid-state reaction method and sintered at
1100°C [23]. Zhang et al. found the magnetic transition tempera-
ture to be 267.9K, for Lag g5Cag 35 MnOs3; about 5 K lower than value
observed in this work. Like us they also utilized the sol-gel method
for the sample preparation and sintered the sample at 1200 °C [24].
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Fig. 2. Magnetization versus applied magnetic field uo,H at different tem-
peratures for the samples: (a) LaggsCap3sMnOs, (b) LagesCag30PboosMnOs, (c)
Lag 65Ca0,30Pbo.os Mno.90Cuig.1003-

It is well known that there are several factors affecting the para-
magnetic to ferromagnetic phase transition temperature in the
doped A;_xBxO3 type manganite compounds. One of them is the
average A-site ionic radius, (r4), changing with the ionic radius
of the substituted ion and its concentration. The average ionic
radius of A-site has an impact on the lattice parameters of the per-
ovskite structure. Therefore, the Mn-0 bond length and Mn-O-Mn
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Fig. 3. Variation of the magnetization versus the applied magnetic field yo,H mea-
sured at temperature of 5 K for the samples Lag 65 Cag.35 MnOs, Lag g5 Cap 30 Pbo.os MNO3
and Lao,e5Cao.30Pbo.osMno.g0Cuio.1003.

bond angle may change according to the ionic radius of the sub-
stituted ion and its concentration. Another important factor is the
strong electron-phonon coupling due to the Jahn-Teller distortion
of the MnOg octahedra [25]. When small amount of Ca%* ions was
replaced by Pb%* ions in the A-site the T¢ value was increased, i.e.,
the T¢ has been found to be 286K for the Lagg5Cag 3PbggsMnO3
sample. Although, the Mn3*/Mn?#* ratio remains the same for the
Pb added sample as for the parent compound, the T increases due
to the increase in the average A-site ionic radius (ry) (see Table 1).
The larger ionic radius of Pb (1.33 A) compared to Ca (1.18 A) leads
to alterations in Mn-0 bond length and Mn-O-Mn bond angle. As a
result, it changes the traveling path of eg electrons hopping between
Mn ions, in turn, affecting the strength of the magnetic coupling
between neighboring Mn ions.

The A-site cation size mismatch is defined as 02 = > y;ir? —
(ra)2, where y; represents the concentration of the entities con-
stituting the A-site, r; is the radius of each one. The calculated o2
values are 0.000295(A)? and 0.001013(A)? for the Lag g5 Cag 35MnO3
and Lagg5Cag3PbgosMnO3 samples, respectively. This large vari-
ation in o2 for the Lag g5Cag3PbgosMnO3; sample arises from the
replacement of small Ca%* ions by large Pb%* ions. The size mis-
match causes a local distortion of MnOg octahedra. There are large
lattice distortions in the neighborhood of Pb ions which cause a
local shift in the Mn-O-Mn bond angle and Mn-0 length. It is pos-
sible that the local lattice distortion with large value of o2 for the
Lag g5Cag 3PbgosMn0O3 sample tends to provide suitable pathway
for the ey electrons hopping between Mn3* and Mn*" ions and
enhances long-range ferromagnetic order leading to an increase
in the T¢ value.

The magnetic phase transition temperature of the B-site doped
Lag g5Cag.30Pbo.osMng goCug 1003 compound was measured to be
223 K. It is possible to speculate that the decrease in T¢ stems
from the change in the Mn3*/Mn?#* ratio due to the Cu ions being
involved in the structure. Because of the existence of Cu ions
within the structure, the number of the Mn** ions increases,
which favors antiferromagnetic Mn* -0-Mn** superexchange
interactions. Meanwhile, the ferromagnetic Mn3*-0-Mn** hop-
ping interactions decrease.

The variations in (ry), (rg), Tc and the Mn3*/Mn*" ratio of
the compounds are given in Table 1. In the calculation of these
parameters, possible valence states of Cu ions (Cu?* or Cu3*) were
taken into consideration for the Lagg5Cag39Pbg.g5MnggoCug 19003
sample. Although, the Mn3*/Mn*" ratios are the same for the
La0.55Ca0‘35Mn03 and the Lao.55Ca03Pb0_05Mn03 samples, their A-
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site average ionic radii (r) are different. This may be the reason
that the T¢ value of the Lag g5Cag 3Pbg g5 MnO3 sample is higher than
that of the Lag g5Cag 35Mn0O3 sample. The increase in (r,) due to the
larger ionic radius of the Pb ions is an important factor influencing
the magnetic properties of the Lag g5 Cag 3Pbgg5Mn0O3 compound.
For theLaggsCag30PbggsMngggCug 1003 sample we have
to take some conditions into consideration. When the
oxidation state of the Cu ions in the structure is 2+,

(a) 1400
240K
1 Lau“”Cau”MnO3
1200 4 /
1000 - /
Z 800 _/
3 300K
S ] :
e} 7930
2 600
= ]
jand
400
200
0 e e sl .
0 1000 2000 3000 4000 5000 6000
M’ (emu/g)’
(b) 760K
? La, Ca  Pb MnO,
3000 Fm
Z 2000 ;’?
g i
3 5’;’
: B>
1000 /
ad e e e ; ’
0 500 1000 1500 2000 2500 3000 3500 4000
M’ (emu/g)’
¢) 1200 4
(c) 1200 187K La, Ca, Pb, Mn Cu O,
=
E
L
o
&
2
0 —— T T T T
0 1000 2000 3000 4000 5000
M’ (emu/g)’

Fig. 5. H/M versus M? isotherms for the samples: (a) LagesCaossMnOs, (b)
Lag 65Ca0.30Pbo.0sMnO3, (¢) Lag.65Cao.30Pbo.os Mng.90Ctig.1003.

ionic balance of the compound can be represented as
Lag 653" Cag 302" Pbo.os2 Mg 453*Mng 454" Cug 102*032~.  In  this
case, the Mn3*/Mn*" ratio is equal to 1. Due to an increase in
the number of Mn*' ions, antiferromagnetic superexchange
interaction increases. On the other hand, if the oxidation
state of the Cu ions is 3+, the ionic balance may be written
as Lagg53*Cag302*Pbgo52*Mng 553" Mng 354" Cug 103*032~. In  this
situation, although the ratio of the Mn3*/Mn?** ions increases
to 1.571, the average ionic radius of the B-site,(rg), decreases;
since the Cu3* ions are smaller than the Cu?* ions. It should
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Table 2

Comparison of T¢ (K) and | — ASy| values, obtained in this work and from the literature under different preparation conditions.
Compound Tc (K) | — ASm| (J/kgK) H(T) Preparation tech. Sintering tem. (°C) Ref.
Lag.65Cap35MnO3 273 4.1 1 Sol-gel 1100 Present
Lag 65Cap35MnO3 267.9 5.005 1.5 Sol-gel 1200 [24]
Lage5Cap35MnO3 260 6.5 4 Solid-state 1350 [26]
Lag67Cap33MnO3 256 43 1.5 Sol-gel 1200 [27]
Lag67Cap33MnO3 268 6.9 2 Sol—gel 1250 [28]
Lage7Cap33MnOs3 269 6.1 3 Solid-state 1350 [29]
Lag67Cap33MnO3 266 223 1 Sol-gel 1000 [30]
Lag 67Ca033Mn0O3 267 0.84 1 Sol-gel 1200 [31]

be noted that, the ionic radius of the Mn3* and Cu3* ions are
nearly the same, and the ionic radius of the Cu?* (0.73A) ion is
bigger than that of Cu*3 (0.53 A). If the oxidation state of cupper
ions entering into the structure is taken to be a mixture of 2+
and 3+, then the ionic balance of the compound can be writ-
ten as Lages>*Cag302*Pbo.os?* Mg 55_0.1(1-a)> Mg 35+0.1(1-a)*"
Cug.1(1-q)*"Cug.14>* 032~ where “a” is the content of the Cu3* ions
in the compound. The content of the Mn*" ions, depending on
the content of CuZ* can be written as 0.35+0.1(1 —a). If the Mn**
content changes in between 0.35 and 0.45, then the Mn3*/Mn**
ratio will vary between 1 and 1.571. Thus, (rg) decreases while
(ra)remains the same. The variation in (rg) gives rise to changes
in Mn-O bond length and Mn-O-Mn bond angle. The ferromag-
netic double exchange interaction diverges to antiferromagnetic
superexchange interaction with decreasing (rg). In this study,
the decease in Tc as a result of Cu substitution in B-site is an
indication of a disorder caused by Cu atoms that reduces double
exchange interaction, which in turn becomes less effective than
antiferromagnetic superexchange.

The magnetization curves, M(H), at temperatures separated by
3K for the three samples below and above their Curie temperatures
with respect to the external applied magnetic fields between 0 and
5T, are given in Fig. 2a-c. It is seen that the field dependences of
the magnetizations around the respective Curie temperatures are
strong enough to generate high entropy changes even at low fields.

The saturation magnetization curves of the samples (taken at
5K) for the applied fields up to 5T are shown in Fig. 3. The sat-
urations take place at very low magnetic fields (above 0.3 T). The
saturation magnetization is known to be related to the maximum
magnetic entropy change. In this study, the Lag g5Cag 35MnO3 sam-
ple has given the greatest maximum magnetic entropy change
value among the samples and this sample has also the highest
saturation magnetization value, as seen in Fig. 3.

Isothermal magnetization measurements allow calculating the
total magnetic entropy change, ASy;, of a sample through the fol-
lowing relation:

H oM
AS@Hh/’<)dH 1)
M o \ T /),

However, in practice, an approximate magnetic entropy change
value can be obtained from M(H) curves by approximating the
integration to a summation over discrete magnetization values at
discrete temperatures and applied fields as the following:

M(Ti,q, H;) — M(T;, H;
(ASm)i= (HTHJ])—Ti( D b1 ) )

j
where M; and M;,; are the experimental values of the magnetiza-
tions obtained at the temperatures T; and Tj.; under the magnetic
field H;.

The temperature dependence of the magnetic entropies (| ASy|)
determined at applied magnetic fields in between 1 and 5T,
for the our samples, are plotted in Fig. 4a-c. It is seen that
the maximum magnetic entropy changes of the samples exhibit

a linear dependence on the magnetic field. Especially, the
maximum magnetic entropy change of the LaggsCag3sMnO3
compound is higher than that of the other samples. As can
be seen from the figures the maximum magnetic entropy
changes, for the field change from 0 to 1T, are 4.1, 2.6,
and 3.2]/kgK for the LaggsCag3sMnOs3, LaggsCag3gPbgosMnO3
and Lag g5Cag 30Pbg.05Mng 9o Cug 1003 compounds, respectively. The
|ASy?¥| value decreases for the Pb-doped sample and increases
for the Cu-doped sample. The maximum magnetic entropy change
value of the LaggsCag35Mn0O3; sample obtained in this study is
higher than most of the values published in the literature for the
same compound (see Table 2).

It is well known that the ferromagnetic double exchange inter-
actions between Mn3* and Mn*" ions is responsible for the large
magnetic entropy change in manganese based compounds.

According to double exchange theory, shorter Mn-0 bond dis-
tance and Mn-O-Mn bond angles closer to 180° strengthen the
ferromagnetic interaction. Even though Mn3*/Mn?** ratio is the
same for the LaggsCag35Mn0O3 and LaggsCag39PbgosMnO3 sam-
ples, the maximum magnetic entropy change value is lower for the
Lag g5Cap.30Pbo.osMn0O3 sample. This might be due to the increase
in (rn) as a result of Pb-doping in A-site, consequently, Mn-0 bond
distance and the Mn-O-Mn bond angle are expected to change.

The maximum magnetic entropy change of the
Lag.5Cap 30PbgosMngggCulg 1003 compound is higher than
that of the LaggsCag3gPbgosMnO3 and lower than that of the
Lagg5Cap35sMnO3 compounds. The strength of ferromagnetic
double exchange or the antiferromagnetic superexchange
interactions depends on the valancy of the Cu ions for
the Lao,55Cao,3on0.05Mno‘QOCu0,1003 sample, since both the
Mn3*/Mn#* ratio and (rg) would differ by the valancy of the Cu
ions. Additionally, the ionic radii of the Cu?* and the Cu3* ions are
different from each other and this difference causes the magnetic
properties of the samples to be different.

A set of H/M versus M2 curves for the LaggsCag35MnOs,
Lag 65Cap.30Pbo.osMn03 and Lag g5Cag.30Pbo.osMng.goCug.1003 com-
pounds are shown in Fig. 5. Positive slopes in a relatively small M2
region above T¢ indicate that all of the samples have second-order
ferromagnetic to paramagnetic phase transition.

4. Conclusions

The magnetic and the magnetocaloric properties
of the Lag g5Cap35Mn0Os3, La0,65Ca0_30Pb0.05Mn03 and
Lag.65Cap.30Pbg.05Mng g9Cug 1003 manganite compounds have been
investigated. The highest para-ferromagnetic phase transition tem-
perature has been observed at 286 K for the Lag g5Cag 390Pbg05MnO3
sample. On the contrary, the highest maximum magnetic entropy
change value (for 0-1T field change) has been found to be
4.1]/kgK for the sample Laggs5Cag35Mn0Os. The subsitution of Pb
for Ca raise the transition temperature to 286 K. On the other
hand, T¢ tends to decrease while maximum magnetic entropy
change increases with the Cu doping to the LaggsCag35MnOs3
compound.
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