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Introduction

Abstract

In this paper, was investigated the impact of Ti substitution at
the Mn-site in manganite on the structural, magnetic, and magne-
tocaloric properties of the sample Pr Sr, Mn_  Ti O, prepared
by solid-solid reaction. X-ray diffraction was used for the structural
studies and the Rietveld refinement shows that the compound is
crystallized in a Pnma space group. Williamson-Hall (W-H) analy-
sis was used to determine the crystallites’ sizes. Scanning Electron
Microscopy (SEM) was used to determine the surface morphology
of the compound and the grain size which was determined using
Imagel software. The magnetic properties are treated using the BS1
magnetometer in which we obtained a phase transition from a fer-
romagnetic FM state to a paramagnetic PM state around the Curie
temperature T_ which simply decreases from the mother, indicat-
ing the weakness of the double exchange interaction. The sample’s
aptitude to be used in magnetic refrigeration demonstrated by the
value of maximum entropy |AS_"*| is 3.7812 ) Kg**.K*, which corre-
sponds to the best Relative Cooling Power (RCP) 207.1227 J Kg* at
5T magnetic field applied compared to Gadolinium (Gd). The Modi-
fied Arrott Plot (MAP) is used to understand the FM-PM transition’s
nature, and it is through this curve that critical exponent §3, y and
curie temperature were determined using the MAP and Fisher
methods. The critical coefficient values for B, y and T_ determined
by different techniques, are correspondingly similar to the values of
the Mean-Field model’s.

Keywords: Manganite; Magnetocaloric effect; Arrott plots; Criti-
cal behavior; Landau theory

Praseodymium manganite Pr, A MnO, where A is an alka-
line earth ion (such as Ca, Ba, or Sr) is a very important element
in the large family of manganites because of its fundamental
physical properties and its exploitation in practical uses. There-
fore, much research is being done today on this manganite,
particularly since the discovery of the phenomena known as
Colossal Magnetoresistance (CMR) and Magnetocaloric Effect
(MCE) [1,2]. Because these magnetic materials can be utilized
for Magnetic Refrigeration (MR), the widespread use of manga-
nite makes it an excellent cooling solution compared to the use
of gas refrigeration technology in the future. Thus, it is possible
to create a cleaner environment and reduce pollution by using
Magnetic Refrigeration (MR) based on manganite [3]. The sim-
plicity of preparation, low prices, and ability to create a novel
material magnetic use in the use of magnetocaloric effect MCE

in a wide temperature range which is based on the magnetic
refrigeration are the benefits of these perovskite manganese
oxides [4].

When a magnetic material is exposed to an applied magnetic
field, its entropy changes. This change leads to a change in tem-
perature and is the basis of the Magnetocaloric Effect (MCE)
[5]. There exists a large magnetic entropy around the paramag-
netic-ferromagnetic transition temperature (Tc). Wide range
techniques could change the Curie temperature T_has been ob-
served in manganite regardless of the percentage, nature, and
location of the dopant. The different elements could dope the
manganese ion in manganite are It, Cr, Fe, etc. [6].

In the work we focused to study the effect of Ti doped sub-
stitution of Mn, on the structural, magnetic and magnetocaloric
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Experimental Details

To prepare compound Pr_ Sr, Mn_ Ti O, by ceramic reac-
tion (solid-solid), we used the following oxides as precursors
Pr.0,,, MnO,, SrCO,, TiO, which were weighed in the required
stoichiometric proportions by the following reaction equation:

0.15Pr,0,, +0.15rCO, +0, 0.95 MnO, + 0.05 Ti0, _, Pr,.Sr, Mn_ i,  0.+CO,

We first mixed the precursors together in an agate mor-
tar. Subsequently, the mixture was calcined in for 72 hours at
1000°C followed by grinding. Then the powder was pressed and
transformed into pellet 10mm in diameter and 1mm-2mm in
thickness which finally was sintered after in air at 1200°C for
96h to obtain a homogeneous material. The sample was ground
again and annealed at 1200°C.

To identify the structures and phases of the synthesized com-
pounds, the X-Ray Diffraction (XRD) was used with a Siemens
"D5000" diffractometer equipped with a probe (A =1.5406
R) and measured at a spacing of 0.026° in the angular range
20-80 degrees. The diffraction pattern obtained from XRD was
analyzed using comprehensive Full proof software [7] based on
Rietveld method [8]. The morphology of the surface of the sam-
ple were obtained using Scanning Electron Microscopy (SEM)
(Tescan® Mira3 XMU, Czechia) instrument and the grain size
was calculated using Imagel) software by adjusting the Gauss-
ian function. The analysis of magnetism and magnetization de-
pending on the temperature from 5K to 400K at a magnetic field
up to 5T was made by the BS1 magnetometer which was also
used for this study. The magnetic thermal analysis allowed to
define the magnetocaloric effect under a magnetic field applied
from 1T to 5T.

Results and Discussion

The Rietveld refinement of powder X-ray diffraction (Figure
1) was used to determine the structure of the sample. It has
an orthorhombic structure with space group Pnma. There is no
secondary phase was detected by the diffractogram measure-
ments as shown in Figure 1, revealing that the sample is a single
phase.

To determine the distortion of the synthesized sample, the
Goldschmidt tolerance factor t of perovskite is used, which is
given by the following expression:

/= r,+r, (1)
\/E(FB +7,)

where r, is an ionic radius of the cation occupying site A, r is
an ionic radius of the cation occupying the B site, r_ is an ionic
radius of oxygen. The value of ionic radius used is r, **=1.179 A,
r,2=131A,r, *=0.645A,r =053 A, r ¥=1.405 A, r_*=0.605
AT10].

Indeed, it was found the increasing value of Volume cell (V)
with a 5% of Ti doping in parent compound, which is explained
by increasing in lattice parameters and the rising of the ionic
radius of Ti* (0.605 A). The refined lattice parameters of the
sample, the Goldschmidt [9] tolerance factor t and crystallite
size D, is summarized in Table 1,

From the atomic occupation of the different elements as
shown in Table 2, it could be representing the unit cell using the
"Diamond" program (Figure 2) which we have determined the
different distances Mn/Ti-O and angles O— M n/ Ti- O distanc-
es. (The sentence can be simplified). A change in the distance

of the compound compared to the parent sample showed the
octahedral irregularity of MnO, and thus less distortion of the
structure when in manganite the Manganese (Mn) ion is doped
by 5% of Titanium (Ti) ion.

The morphology and the crystal grains distribution of the
Pr,,Sr,,Mn .. Ti  .O, compound are shown in Figure 3. The par-
ticle has an aspherical shape, and the average grain size deter-
mined with Image J software is 5.08um. This is due to formation
of many crystallites.

In addition, the crystallite size D, is calculated by the Wil-
liamson—Hall (W—H) method [11] given by:

acose = Ky +4esing  (2)
DWH

where K: constant equal to 0.9, A: wavelength of the X radia-
tion (A=1.5406 A), 8: the diffraction angle of the peak, B: the full
width at half maximum, €: the effective strain.

The W-H curves are shown in Figure 4 and value of e and D,
are calculated the by linear fit summarized in Table 1. The value
of the effective strain € was estimated from the slope 3 cos 6 vs.
4 sin O plot (Figure 4) and D,,, was calculated from the intercept
with vertical axes. Noted that the grain size is bigger than the
D, estimated crystallite size of 28.24um.

The magnetization curve versus temperature in the temper-
ature M (T) from 5 K to 400 K under a magnetic field of 0.05 T
(Figure 5) shows a phase transition from a ferromagnetic FM
state to a paramagnetic PM state. This transition is character-
ized by the Curie temperature T_determined at the minimum
of the dM/dT curve versus temperature (Figure 5). The purity
of Pr, Sr,,Mn .. Ti, O, has been approved by the continuity of
FM-PM transition. Also, it was reported that a decrease of the
Curie temperature T_from 214.9 K to 95.11 K while doping the
parent sample Pr  Sr, MnO, [12] with 5% Ti in Mn site, which
is explained by a reduction of the double exchange interaction
[13]. The decrease in the rate of Mn* carriers and their substi-
tution by the nonmagnetic Ti* ion caused this weakening and
breaking of Double Exchange (DE) interaction which was affect-
ed the undoing of the electronic conduction shift e, between
Mn* et Mn* and explained by the converting of the Mn3*-O-
Mn* chain to Mn3*-O- Ti** that’s diminished the ferromagnetic
interactions.

To understand and know more the magnetic properties of
the sample in the paramagnetic phase, the susceptibility the
magnetic should be obey to the Weiss Curie law [14]:

S
¢ - u

Where C is the curie constant and 6 is a Curie-Weiss tem-

perature.

l:

Figure 6 showed the inverse of the magnetic susceptibility
(1/x) versus temperature at a magnetic field of 0.05 T, which
can help to calculate the Curie constant C and Curie- Weiss tem-
perature 6 . The values of Cand 0 _ are estimated by the slope
and the intercept with the temperature axis of the linear fit in
paramagnetic phase, respectively.

From the value of the Curie constant C obtained, the experi-
mental effective moment can be calculated according to the fol-
lowing formula [15]:

3k

=2 c (@)
7 N,

Where: N,=6.023 102 mol?* is the Avogadro number,
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M,=9.274 10** Am?* is the Bohr magneton, and k,=1.38 10> is
the Boltzmann constant

In contrast, the theoretical effective moment of the com-
pound is calculated from the carrier effective moments using
the following formula:

Intensity (a. u)

il =J0.9% 12, (Mn™ ) +0.05% 12, (Mn**) +0.9% 42, (Pr™*)  (6)

ueﬂ(Mn4+)= 3.87“B, ueﬁ(Mn3+)= 4.9“B, ueﬁ(Pr3+)= 358 uB [15] N -1 N o mmn LN I T T T |

The results summarized in Table 3 indicates that the values 20 20 40 &0 80 80
of the experimental and theoretical effective moment of the 260)
sample are different. This difference can be explained by the
presence of clusters FM in the state PM as described by Zener )
model [16]. Bragg reflections for the space'lgrOlf;SPrg'ro’ria.aThe difference pat-
Table 1: Lattice parameters, unit cell volume, Goldschmidt tolerance tern between the observed data and fits is shown at the bottom.
factor t, D, and strain € of our sample Pr Sr, Mn_  Ti, O, (the
numbers in subscript represent the error).

Figure 1: Observed and calculated X-ray diffraction data and
Rietveld refinement for Pr  Sr, . Mn_  Ti O,. Vertical bars are the

) Pr Sr, Mn Ti O,  Pr, Sr, MnO,[12] I .

a (é) 5.4935, 5.49165 : & = " ‘ __J'
b (A) 7.7889, 7.78377

c(A) 5.5498, 5.54722

Vv (A3) 237.47 237.11

Good Fit x? 2.19 2.31

Goldschmidt tolerance factor 0.899 0.89

D, (HmM) 28.24 -

€ 0.00279 -
Table 2: Refined positions, distances Mn-O and angles Mn-O-Mn of

Pr, Sty ,Mn . Ti, .0, compared with Pr  Sr, . MnO, [12] (the numbers

in subscript represent the error).

Samples Pr, Sr,.Mn_ Ti O, Pr, Sr,.MnO, [12]

Pr/Sr

X -0.0378, -0.0398,

y 0.25 0.25

z 0.0083, 0.0079

Mn/Ti

X 0 0

% 0 0 1
z 0.5 0.5 Figure 2: Crystallographic structure of Pr  Sr, . Mn_ Ti O,
o, sample.

X 0.5244, 0.5132,

y 0.25 0.25

z -0.0684, -0.0804,

02

X 0.2925 0.2891,

y -0.0282 -0.0341,

z 0.7983, 0.7113,

Distances

Mn-0, (A) 1.988 1.998

Mn-0, (A) 2.138 1.991

Mn-0, (A) 1.613 1.994

Table 3: The values of the experimental and theoretical effective mo-

ment of the sample Pr_ Sr, .Mn_ Ti .O..

C (K.emu/mol Oe) 8,(K) -F‘:;f (pg) FE;’I’ (peg)

e (p) iy (pt)

11.77 103.59 9.70 5.82
Table 4: Maximum entropy change |AS™ |, RCP, 6T, and |AC'““p| of the

sample Pr_ Sr. Mn__Ti O

097 0.1 0.95° '0.053

il

-
il

FWHM

-As™ 8T RCP lac= |

FWHM

Sample KH (T) UKe'KY) (K (UKg?) | (JKgKY)

Pr,.Sr,.Mn__Ti, .0, 1 0.970 | 43.012 @ 41752 3.1615 - - ;s - R
2 1.791 | 51.285 91.851  4.8145 ey
3 2.516 56.049 | 141.018 6.0169
4 3.172 57.384 | 182.044 6.684 Figure 3: The Williamson—Hall analysis plots of
5 3.781 54.777 | 207.123 7.058 Pr,oSro,Mn o Ti O, sample.
Gd [1] 5 9.5 - 410 -
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Figure 5: The temperature dependence of magnetization and dM/
dT curves performed under applied magnetic field 0.05 T.
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Figure 7: Variation of the isothermal magnetization v.s applied
magnetic field at different temperatures for the compound
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Figure 8: Dependence magnetic entropy versus the temperature

of the temperature of Pr_ Sr, Mn  Ti O..

Table 5: Critical exponents of Pr, Sr, . Mn . Ti O, with those cor-
responding to the various critical.

Technique TC (K) B (K) Y Reference
Mean-Field model - 0.5 1 [24]
3D-Heisenberg model - 0.365 | 1.336 [24]
3D-Ising model - 0.325  1.24 [24]
Tricritical mean-Field model - 0.25 1 [24]
MAP 93.47 0.47 1.36 This work
KF 94.23 0.5 1.41 This work

of our sample Pr_ Sr, Mn  Ti O..
m T
« 2T
A& 3T
* 4
2 E LS v AT
i v * + 5T
1 - i il v
. | 3 = &
-
— ‘ e, * .
=5 3 .
Z R " .
= o
13
-1 ey "a
24 »
+*
L] .3 "
‘E T T T T T T T T T
70 80 90 100 110 120 130 140 180
Temperature (K}
Figure 9: Specific heat change for Pr_ Sr, . Mn Ti O, sample

under different applied magnetic fields.

Magnetocaloric Effect

The magnetization as a function of temperature and
magnetic applied field from 1T to 5T of our compound
Pr,,Sr,,Mn . Ti O, was plotted in Figure 7. We notice that the
magnetization is raised at low temperatures when T<T_and p H
< 0.5T, which reveals the coexistence of ferromagnetic order
brought on by thermal agitation. For T>T_the magnetization is
oriented toward linearity, confirming the paramagnetic state of

the sample.

Submit your Manuscript | www.austinpublishinggroup.com

Austin Chem Eng 10(1): id1095 (2023) - Page - 04



Austin Publishing Group

= 5000 4

WE (e

G5K
TOK
TS
B0K
85K
B0K
S5K
100K]
105K]
110K]
115K]
120K]
125K]
130K]
135K]
140K]
145K]
150K]

A0 - | ®X+ 0 BFrevAiedPren

T T
000 0,02

T T T T
004 008 008 010 012 014
Y HM (T.glenu)

Figure 10: Arrott plots of Pr_ Sr, Mn__ Ti O

0.05 3"

n  MeanField model
i # Tricitical mean-Field model
] 4 3D4sing model
. v 3DHeisenberg model
204
*
&
151 va *
- LW
¥
2 i3
10 .
¥ ! i l L
s SiART Ivy"n -
£ » Ay T
L 4L
vy A
..
004
T T T T T !
a0 20 100 120 120 160

Temperature (K}

Figure 12: Relative slope RS versus temperature.

8x10° 4
7%10° o
6x10°% -
5x10° 4
4x10°

3x10°

M" (emu/g)"®

2x10° o

1%10° o

65K
70K
75K
80K
85K
90K
95K
100K]
105K]|
110K]
115K]
120K]
125K]
130K]
135K]
140K]|
145K]|
150K]

oE - (Xt oeRtxevAOdPon

;! ‘-'.

5107

2107 A

¥
=]

2¢107 4

W fermuigy'®)

%107

(b)

2,0x10°
1,5%10°

1,0%10°

M femug)'®

50x10%

(©

T T T T T T 1
0,02 0,04 0,06 0,08 0,10 0,12 0,14

(HoH/M)™ (T.g/emu)'»

65K
TOK
75K
BOK
85K
B0K
95K
100K]
105K]
110K]
115K]
120K]
125K]
130K]
135K]
140K]
145K]
150K]

Lo R I O
-
PE- EXLiPEFEBTYLSIA PN

00 0.02 0.04 0.08 008 0.10 0.12 0.14

(HM)Y (T.aderru)'™)

85K
TOK
TSK
BOK
85K
BOK
95K
100K]
105K
110K]
115K]
120K]
125K]
130K]
135K]
140K]
145K]
150K]

PE - kX lEBAETASL N

1,0%10°F 1

B,0=10°

r:)

,0x10°

20107 o

M5 (emurg)

20x10°

0.05 0,10 0.15 0.20

|

BE - kN RRARTASAN
=
A

(d)

Figure 11: Arrott curves

berg model and (d) 3D-I

3,!30 3,;]2 3,!]4 3,5? J,II]B 3,‘13 3,‘12 3,‘14 J,II? 3,‘13 3,‘2’3
(M HMY (T .glemu)’™
for several models MYE vs (H/M)Y": (a)

Mean-Field model, (b) Tricritical mean-Field model, (c) 3D-Heisen-

sing model .

(em uig)

¥ (T ademu)

[

Temperature (K)
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Figure 14: Kouvel —Fisher plots for the spontaneous magnetization
M. and inverse susceptibility x,* vs. temperature for the com-
pound Pr, Sr, Mn . Ti .O..

The study of Magnetocaloric Effect (MCE) of the sample is
based on the investigation of the entropy fluctuation as a func-
tion of temperature and magnetic field from 1T to 5T.

The calculation of the change of the magnetic entropy (4S,,)
is achieved from Maxwell's relation [17] by analyzing the iso-
thermal magnetization data shown in Figure 7.

85, (12 Ho) =8, (1) 53 (10) = (B Jan(T) - )

The discretization into small intervals of temperature and
magnetic field allowed us to calculate the evolution of the en-
tropy (AS,,) using the following relation [18]:

M —-M.
|AS,, =Y ——LAH,
i ]-;+1 _];

1

(6)

The Figure 8 represents the variation of the magnetic en-
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tropy (-AS,,) as a function of temperature and magnetic field.
A maximum of the entropy (-AS ) has been recorded at a tem-
perature near the Curie temperature for all applied magnetic
field. We also saw that the magnetic field had an impact on the
maximum magnetic entropy value, which can be explained by
arrangement of the spin [19]. For instance, when the magnetic
application changes from 1 to 5T, the value of -AS , of sample
Pr,,Sr,,Mn .. Ti .0, increases from 0.97 J/Kg K to 3.78 J/Kg K.

095 '0.0573

The Magnetocaloric Effect (MCE) is an important factor for
the Relative Cooling Power (RCP) that allows comparing the
magnetic materials utilized for magnetic refrigeration. The rela-
tionship between factor RCP and the change of entropy -AS , is
given by the following equation [20]:

RCP =—AS™ x ST,y (7)

is the Full-Width at half maximum of the peak
—_Agmax .
d M s its maxi-

where 6T

FWHM
of -AS,, as a function of temperature an

mum value, which occurs near T_

The obtained values of RCP, -AS ™ and 6T, are summa-
rized in Table 4. The value of RCP rises from 41.75 J/K to 207.12
J/K for 1 T to 5T, respectively. These results show that the sam-
ple can be used in the field of magnetic refrigeration compared

to Gd.

From the measurement of the magnetic entropy, the specific
heat AC, for various applied magnetic field intensities is deter-
mined by using the following equation [21].

G(ASM(YLI{)1 ®
or

Figure 9 illustrates the changes in specific heat AC, with tem-
perature and with an applied magnetic field from 1 to 5T. Ac-
cording to Figure 9, the change of AC, from negative value to
positive value with the Curie temperature indicates the phase
transition. All obtained values of the maximum amount of the
change in specific heat AC,"* is summarized in Table 4.

AC,(T,H)=C,(T,H)-C,(T,0)= T{

Critical Behavior

The Arrott plots of the compound Pr, Sr, .Mn_  Ti O, are
shown in Figure 10. The analysis of the Arrott curve M? as a
function of (u H/M) reveals the nature of the transition. Accord-
ing to the criterion proposed by Banerjee et al. [22], the slope
of the resulting curves can indicate whether the magnetic tran-
sition is of the first order (negative slope) or the second order

(positive slope).

The curves clearly show a positive slope in the whole tem-
perature range studied revealing that the ferromagnetic-para-
magnetic transition is of the second order.

Arrott curve in Figure 10 was examined to analysis the mag-
netic characteristics. Arrott curve modification (MAP) was used
by the basic equation [23]:

1
(%)A —a(T-T,)+bM”? (9
Where a and b are constants.

Figure 11 shows the arrott curves for several models MY? vs
(H/M)¥¥: (a) Mean-Field model (B=0.5 and y=1); (b) Tricritical
mean-Field model ($=0.25 and y=1) (c) 3D-Heisenberg model
(B=0.365 and y=1.336) and (d) 3D-Ising model (B=0.325 and
v=1.24).

Therefore, to select the model that best describes this sys-
tem, it was calculated the Relative Slopes (RS) defined as [24]:

_ 8T

=L

S(T;)

Then, the proper model should be the one that has a value
of R, that is very close to unit. Figure 12 illustrates the relative

slope as a function of temperature and demonstrates that the
mean field model is best suited for our prepared.

(10)

The second order FM-PM transition is made evident by
the modification of the Arrott curves (MAP) approach, which
is based on the Arrott-Noakes formula [25] in determining the
various critical exponents.

M,=M,(-¢)’,e<0 (11)

7 =Y ey >0 (12)

M=DH.¢=0 (13)

Where B, y and & are the critical parameters, M, h and D,
are the critical amplitudes, and € = (T-T ) /TC is the reduced tem-
perature.

At high magnetic fields, the intersection of the axes of order
and the axis of magnetization defines M_(T) and x,*(T) in the Eq.
11andthe Eq. 12. M, (T) and x,*(T) as a function of temperature
have been illustrated in Figure 13.

The Kouvel Fisher method is an additional technique for de-
termining the critical exponent B, y and curie temperature T_
uses the following formula [26]:

Ms(T) _T_TC
(dMS(T%TJ_ 7 (14)
ZO_I(T) I-T,

(d%l(T%sz ’ (15)

Accordingl to thiglmethod, the plotting of M(T)[dM(T)/
dT]? and o (T)[d¥e (T)/dT]? against temperature, Figure 14,
should yield straight lines with slopes of Fand respectively,
and the intercepts on the T axes are equal to T.. The linear fit-
ting to the plots following the KF method for our sample gives
B for T<T.and ¥ for T>T_. All critical exponent y, B and T_ by the
MAP and Kouvel Fisher method are summarized in Table 5. It is
confirmed that the suitable is Mean-Field model with the MAP
method and Kouvel Fisher method.

Conclusion

In this paper, the doping effect of 5 % of titanium on the
compound Pr_ Sr. MnO, elaborated by the solid-state method
has been studied. The X-ray diffraction shows that the sample
has an orthorhombic structure with a Pnma space group. The
crystalline size D, exhibit an average size 28.24um. The SEM
micrographs reveal that the grains present an average size of
5um. Magnetic analysis of our preparation Pr_ Sr,.Mn . Ti O,
indicates that the Curie temperature decreases compared to
the parent sample, which is explained by the debility of the
double exchange interaction. Magnetocaloric data shows that
the sample has the potential to be a promising candidate for
magnetic refrigeration. Critical behavior studies prove that MAP
and Kouvel Fisher method adapts the Mean-Field model.
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