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Abstract A systematic study on the effect of monova-
lent cation doping on structural, magnetic, and magne-
tocaloric properties of PrggsAg.15sMnO3 (A = Ag and
K) samples synthesized by a sol-gel method has been
carried out. The crystal structure and morphology have
been worked by X-ray diffraction (XRD) and scanning
electron microscopy (SEM) imaging measurements. The
XRD results indicate that both samples have orthorhom-
bic structure. Magnetization versus temperature measure-
ments show that our samples display a ferromagnetic-to-
paramagnetic phase transition with increasing temperature.
The ferromagnetic-to-paramagnetic phase transition tem-
perature (7¢) values were found as 74 and 116 K for
Pro 85Ag0.15sMn0O3 and Prg g5Kp.15MnOs3, respectively. The
magnetic entropy changes were evaluated from isothermal
magnetization curves measured at various temperatures near
Tc by steps of 4 K. The values of the magnetic entropy
change were determined as 0.99 and 1.39 J kg=! K~!
for Pro g5 Ago.1sMnO3 and Prg g5Kp.1sMnO3 under external
field changes of 10 kOe, respectively.
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1 Introduction

The magnetocaloric effect (MCE), described as cooling
or heating of a magnetic material under magnetic field
change, offers an alternative technology for refrigeration
[1]. The magnetic refrigeration (MR) technology has basic
advantages over a classical system such as not emitting
environmentally harmful gases and being more energy effi-
cient [2-4]. It would be possible to achieve mentioned
advantages only if desired magnetic materials can be pro-
duced. For this reason, MCE has been investigated widely
to find a proper refrigerant material that can produce
large entropy change when it goes through magnetization-
demagnetization process [5—7]. So far, it has been reported
that the large spontaneous magnetization and a sharp change
in the magnetization with changing temperature are impor-
tant requirements for magnetic material to possess large
magnetic entropy change [8, 9]. The perovskite mangan-
ites having the general formula RE|_,A,MnOs3 (RE and A
are a trivalent rare-earth cation and a divalent or monova-
lent cation, respectively) have attracted much attention due
to their interesting physical and magnetic properties such as
colossal magnetoresistance (CMR) and MCE [10-12]. It is
known that REMnO3 is an antiferromagnetic insulator [13].
The magnetic and transport properties of these base sam-
ples are strongly affected by the percentage of the divalent
or monovalent cation ions, the ionic radii of these ions, and
the preparation method of the samples [14, 15]. For RE =
Pr case, in the literature, there are a lot of studies about
the structural, magnetic, and magnetocaloric properties with
divalent substitutions. However, the substitution of mono-
valent (A = Na, K, Ag, etc.) elements by RE ions has been
much less studied [13, 16-21]. Jirdk et al. reported struc-
tural and physical properties of Pri_,A,MnO3 manganites
0< x <0.15for K[16] and 0 < x < 0.2 for Na [17],
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respectively. According to their studies, the optimum doping
level is determined as 0.15 for the substitution of monova-
lent cation in PrMnO3 [18]. In the present work, we have
explored the effect of the monovalent cation substitution
on structural, magnetic, and magnetocaloric properties in
Pro g5A0.15MnO3 (A = Ag and K) manganites. The percent-
age of the monovalent cations has the same ratio for both
samples.

2 Experimental Procedure

We have prepared polycrystalline PrggsAg sMnO3 for A
= Ag and K samples, labeled as PAM and PKM, respec-
tively. The sol-gel method was used to obtain high-purity
and homogenous powder samples. An appropriate amount
of Pr(NO3)3-6H>0, MnO,, AgNO3, and KNO3 powders
was liquefied in suitable diluents to obtain desired stoi-
chiometry for PAM and PKM samples. We used 87.91 g
(five times of the total mole number of main compound)
citric acid monohydrate (CAS number: 5949-29-1) with

>99.95 % purity and 23.38 cm® (five times of the total
mole number of main compound) mono-ethylene glycol
with 99.8 % purity (CAS number: 107-21-1) as reagents
and solvents, respectively. Then, the solution was stirred
at 300 °C until dry gel was formed. The dry gel was first
burned at 500 °C for an hour and then calcined at 550 °C
for 5 h so that organic substances will be removed from the
materials. To get fine powders, the materials were ground by
using an agate mortar. After that, the microcrystalline pow-
der was pressed into disks and sintered at 970 and 1150 °C
during 24 h for PAM and PKM, respectively. The crystal
structure of the powder samples was identified by X-ray
diffraction (XRD) using Cu K, radiation. The microstruc-
tural properties and elemental analysis of the samples were
investigated by scanning electron microscopy (SEM) com-
bined with energy-dispersive X-ray spectroscopy (EDS).
Magnetic measurements were performed by using a vibrat-
ing sample magnetometer (VSM). The magnetic entropy
changes (ASy) were obtained from isothermal magne-
tization curves which were taken up to 1 T at various
temperatures near 7¢ by intervals of 4 K.

Fig.1 The XRD patterns of the
Pr0A85A0A15MnO3 a PAM and b
PKM samples

PAM

Intensity (a. u.)
=0
=
£

(002)

A: PrMn;Og4

(112)

(112)

(224)

5 (133)

@ Springer

206 (degree)



J Supercond Nov Magn (2017) 30:1515-1525

1517

Table 1 The lattice parameters, unit cell volume, A site average ionic
radius ((ra)), and tolerance factor (#r) of the PAM and PKM samples

Sample codes a(A) bA) c¢cA) VA (ra)A)
PAM 5435 5490 7.670 228.858 1.1491  0.8935
PKM 5439 5485 7724 230.429 1.1836  0.9087

3 Results and Discussions

Figure 1 shows the X-ray diffraction patterns recorded
at room temperature using Cu K, radiation for
Pro 35A0.15MnO3 (A = Ag and K) samples. It can be seen
from the figure that both samples have been crystallized
as perovskite structure. The peaks become larger and nar-
rower which indicate better crystallization in the PKM than
in the PAM sample. The XRD patterns of the PAM and
PKM samples are indexed in the orthorhombic structure
with a Pbnm space group by using PANalytical X’Pert
HighScore Plus software. From Fig. 1, the PAM sample
has a small amount of impurity phases (4.90 % of the com-
pound) related to the presence of PrMnyOs symbolized by
a triangle. We believed that the presence of this impurity
phase does not affect the observed magnetocaloric behav-
ior of the sample since it is non-ferromagnetic impurity
[22]. The lattice parameters of samples are obtained as
a=5435A,b=5490 A, and ¢ = 7.670 A for PAM and
a =5439 A, b =5.485 A, and ¢ = 7.724 A for PKM
from the XRD data. The unit cell volumes of the samples
are found as 228.858 and 230.429 A3 for PAM and PKM
samples, respectively. It is seen that there is a slight differ-
ence in the value of lattice parameters and the unit volume
of samples. The average crystallite sizes, calculated from
the Scherrer relation [23], are found as 38 and 56 nm for
PAM and PKM, respectively. The average crystallite size
of PKM is obviously bigger than that of PAM. The reason
of differences of lattice parameters and crystallite sizes
between PAM and PKM might be related to having larger
ionic radii of K (1.51 A) than Ag (1.28 A) [24] The lattice
distortion can be estimated by a tolerance factor formulated

(ra +ro) /«/E (rvn + o) where ra, rmn, and
ro are the ionic radii of A site, Mn site, and oxygen ion,
respectively [25]. The A site average ionic size ({ra)) and
the tolerance factor (#f) of samples were calculated using
values of ionic radii by Shannon for coordination number
8 for the A site cations and coordination number 12 for
oxygen [24]. The values of the (ra) and the #; are given in
Table 1. The value of the (rp) for the PKM sample is bigger
than that of the PAM due to having a bigger ionic radius of
K than Ag. The # value of both samples is in the constant
range of perovskite structure [26]. Figure 2a, b shows the
SEM images and EDS spectra for PAM and PKM samples,

as tr =

respectively. It is seen from the SEM images that each sam-
ple is formed in different shape grains. The average grain
sizes of the samples, calculated from 100 arbitrary grains,
are found as 0.71 and 0.94 um for PAM and PKM samples,
respectively. The average grain sizes are larger than those
calculated from the XRD data. It is evident that the grains
are formed from several crystallites [27]. It is seen from the
EDS spectra that the samples contain all of the expected
elements and any impurity element has not been identified.

In order to determine the magnetic behavior of the
samples, we have performed the temperature M(7T) and
applied magnetic field M (H) dependence of the magneti-
zation measurements. M (T') curves of both samples mea-
sured in zero-field-cooled (ZFC) procedure at a magnetic
field of 250 Oe are shown in Fig. 3a, b. It can be seen
that magnetization increases by increasing the temperature
from 10 K to the magnetic phase transition point, which
depends on doping of K or Ag elements. This behavior may
have arisen due to the suppression of magnetization caused
by the coexistence of ferromagnetic/antiferromagnetic cou-
plings and/or spin glass that yields to an anisotropic field
inside the samples [28-31]. When the temperature is even
increased, the magnetization starts to decrease which indi-
cate a ferromagnetic-to-paramagnetic phase transition at
temperature (7¢c). From the minimum point of the dM/dT —
T curve given as an inset graph in Fig. 3a, b, the T¢ values
of samples were determined as 74 and 116 K for PAM and
PKM samples, respectively (Table 2). The small ionic radius
of Ag with respect to the K causes the decrease of the (ra).
This decrease leads to a change in Mn—O-Mn bond angle
and Mn-O length. Therefore, a double-exchange interac-
tion might be weaker because of the changing of bandwidth
and mobility of e, electrons [32, 33] and, consequently,
the Curie temperature value of the samples decreases from
116 to 74 K by changing K with Ag [28]. It can be seen
from Fig. 3a, b that the phase transition becomes sharper
by changing Ag with K and this situation supports the for-
mer explanations given above as well. Figure 3a, b also
displays the temperature dependence of the inverse mag-
netic susceptibility, 1/x — T'. At high temperature region,
they show a linear behavior corresponding with paramag-
netic state. By fitting the inverse susceptibility data with the
Curie-Weiss law given by x = C/(T — 6), where C is the
Curie constant and 6 is the paramagnetic Curie tempera-
ture, we have determined the 6 value as 81 and 117 K for
Ag and K, respectively. The 6 value is nearly in accordance
with T¢ for the PKM sample. However, for the PAM sam-
ple, the 8 value is higher than 7¢, which might be related to
the magnetic inhomogeneity and impurity [34]. The Curie
constant is given by C = —N/g%f“ i where N is Avogadro’s
number, up is the Bohr magneton, uegr is the effective
magnetic moment, and kg is the Boltzmann constant. The
Curie constant values of the samples are calculated from
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Fig. 2 The SEM images and EDS spectra of the PrygsAp.15MnO3 samples a PAM and b PKM

the slopes of 1/x — T curves. By using these values, pteff
values were determined as 3.43 ug and 3.99 ug, for PAM
and PKM, respectively. These values are smaller than the-
oretically estimated effective magnetic moment value (,ugta%,
4.61 up), which indicates the canted situation of the spin
ordering [35-37]. Figure 4a, b represents the magnetic field
dependence of magnetization curves, M (H), measured in
the vicinity of transition temperature for each sample. The
M (H) curves of the samples display a nonlinear behavior as
a typical ferromagnetic state at 7 < T¢ [38], and then they
become linear that shows a paramagnetic behavior above
Tc. In the vicinity of T¢, we crossed out H/M versus M 2
(the so-called Arrott plots) to define the type of the mag-
netic phase transition. The Arrott plots of each sample are
shown in Fig. 5a, b. According to the Banerjee criterion, the
slope of the H/M versus M? curves indicates the order of
magnetic phase transition. Since it is well known that the
positive (negative) slope of the curve indicates the second
(first)-order magnetic phase transition [39], our both PAM

@ Springer

and PKM samples show a second-order magnetic phase
transition due to the positive slope of their Arrott plots.

From isothermal M (H) measurements, the magnetic
entropy change (A Sy ) has been determined using the clas-
sical thermodynamic theory based on Maxwell’s relation
[40]

M; — M
—ASM (T, H) = Z’—”‘l

AH, 1)
i Ty —T; l

Table 2 The summary of magnetic and magnetocaloric properties of
Pro85A0.15MnO3 (A = Ag and K) manganites

Sample  Tc (K) 6 (K)  perr (uB) RCP —ASy™

codes Jkg™H (kg 'K™H
aT) aT

PAM 74 81 3.43 35.6 0.99

PKM 116 117 3.9 33.7 1.39
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where M; and M; are the experimental values of the mag-
netization at temperatures 7; and T;1, respectively, under a
magnetic field H;. Figure 6a, b shows the magnetic entropy
change curves as a function of temperature in a magnetic
field change of 1 T for PAM and PKM samples. In a mag-
netocaloric system, the biggest magnetic entropy change
occurs around the transition temperature where the magne-
tization has an abrupt variation. Thus, we have performed
isothermal magnetization measurements around 7c. The
values of ASI™ are found as 0.99 and 1.39 J kg~! K~ for
PAM and PKM at AH = 1T, respectively. These results are
comparable with the values of monovalent or divalent per-
ovskite manganites [15, 41, 42]. The AS&ax value of PKM
is obviously larger than that of PAM. The lower ASy™
value of the PAM sample might be arisen from (i) the

presence of impurity phases that increases the volume frac-
tion of non-magnetocaloric part of PAM and (ii) the broader
magnetic phase transition of the PAM sample.

Amaral et al. [43] and Amaral and Amaral [44] focused
on more accurate theoretical modeling of MCE that was
based on the Landau theory of phase transitions. According
to the theory, the magnitude and the temperature depen-
dence of the ASy are closely related with magnetoelastic
coupling and electron condensation energy. In order to ana-
lyze the ASm properties of the sample in accordance with
this theory, we have used the Gibbs free energy expressed in
the following equation [43, 44]:

A(T) M2+B(T) M4+C(T) M6

GM, T)=G
( )=Go+ > 4 6

..—uoH
2
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where A, B, and C are the Landau coefficients. The Lan-
dau theory of ferromagnetism assumes that equilibrium
condition around 7¢ so that the magnetic free energy can

be minimized. From the minimization, % =0, a
magnetic equation of state is obtained as

H 2 4

v AT+ B(T)M”+C(T)M 3)

@ Springer

The corresponding magnetic entropy change is obtained
from differentiation of the magnetic part of the free energy
with respect to the temperature

9G 1 1
—ASy = ( ) =-A(T)M* + ZB/(T)M4
H

aT 2

1 l 6
+5C (MM 4)
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Fig. 5 The Arrott plots of the 800
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where A'(T), B'(T), and C'(T) are the temperature deriva-
tives of the expansion coefficients. Using these values, we
have calculated the temperature dependence of magnetic
entropy change in an applied external magnetic field of 1 T
of the samples. Figure 7 shows the temperature dependence
of magnetic entropy change curves for both samples. It is
seen from Fig. 7 that the magnetic entropy change curve

calculated by the Landau theory is consistent with experimen-
tal curve. From this result and the theory explained above, it
can be concluded that both the magnetoelastic coupling and
the electron condensation energy play an important role on
the MCE properties in our samples [45, 46].

The relative cooling power (RCP), which is related to
the amount of heat transfer between cold and hot parts of

@ Springer
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1.2

Fig. 6 The temperature
dependence of ASy for the

Pro 85A0.15MnO3 samples at 5
and 10 kOe magnetic fields for a
A=Agandb A=K
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refrigerator in an ideal thermodynamic cycle [47], is an
important parameter in determining the efficiency of cool-
ing. The RCP is defined as [48]
RCP = |- ASy™| x 8Trwam (5)

where |—AS$"”‘| is the absolute value of maximum mag-
netic entropy change and é Tgwpm is the full width at half

@ Springer
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maximum of the magnetic entropy change curve. The RCP
values of the samples were determined from Fig. 6a, b.
Although the —ASy** value of the PKM is higher than that
of the PAM, its RCP value (33.7 ] kg_l) is lower than that of
PAM (35.6 J kg~!) at the same magnetic field change. This
situation results from the broadening of the ASy™ curve
which yields to increase the applicability of the magnetic

cooling materials [49].



J Supercond Nov Magn (2017) 30:1515-1525 1523
Fig. 7 The temperature 1.5
dependence of magnetic entropy |- 4 PAM (Landau Theory) PKM
changes for the PKM and PAM —a—PAM (Exp. data)
samples under a magnetic fietld | o PKM (Landau Theory) o
of 1 T. The theoretical ] PKM (Exp. data) 3
calculations by using the P-
Landau theory are fitting with
the experimental data 1.0
v
Top
=
=
1)
~
P05
o
0.0 T T T T T T T T T T T T T T T T
50 70 80 90 100 110 120 130 140 150

4 Conclusions

We have investigated the influence of monovalent ele-
ment doping on structural, magnetic, and magnetocaloric
properties of PrggsAp.15sMnO3 (A = Ag and K) poly-
crystalline samples. The X-ray powder diffraction analysis
reveals that the PAM and PKM samples have orthorhombic
structure. The unit cell volumes and the lattice parameters
vary monotonically with the (rap). The ferromagnetic-to-
paramagnetic phase transition temperature increases with
increasing the (ra). It is assumed that increasing (rp) leads
to an increase of double-exchange interaction. Both sam-
ples show second-order magnetic phase transition nature.
The maximum magnetic entropy changes were determined
as 0.99 and 1.39 J kg~! K~! for PAM and PKM samples for
a field change of 1 T, respectively. Under the same magnetic
field change, the RCP value of the PAM sample is bigger
than that of the PKM due to having a broader magnetic
phase transition of the PAM sample. As explained above, the
obtained values are comparable to magnetocaloric Pr-based
manganites.
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