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Abstract  

Perovskite structure is the most common ternary transition metal oxide structure. It takes the form 

ABO3 where A-site is occupied by a rare-earth or alkaline-earth ion and B-site is a 3-d transition 

metal. Particularly, Mn-based perovskites exhibit high flexibility in doping and substitution 

options and strong response to external stimuli such as magnetic field, electric field, pressure, 

temperature, radiation. Because of strong correlations between lattice, spin and charge degrees of 

freedom, they show spectacular results, like colossal magnetoresistance, giant magnetocaloric 

effect, anisotropic magnetostriction, magnetocapacitance, high Seebeck coefficient, spin state 

transitions, etc. Magnetocaloric effect (MCE), specifically, has gathered a lot of attention in the 

last couple of decades, due to its application in cooling devices. Mn-based perovskites possess 

high values in MCE and serve as a cheaper and “green” alternative to traditional cooling materials. 

In addition, these compounds can be also produced in nanocrystalline and thin film form, further 

expanding their properties and implementation.  

In this thesis, we investigate structural evolution, magnetic, electrical properties with series of 

substitutions of several manganites, with particular focus on the values of magnetocaloric effect 

and magnetoresistance. Our main focus is on investigation and achievement of magnetocaloric 

effect and Colossal magnetoresistance at near room Curie temperatures, and on investigation of 

properties which can shed light on future work.  The systems in question are: La0.7Ba0.3MnO3 

substituted with Eu3+ (0.05-0.4), Ho3+ (0.03-0.15), Ca2+ (0.15-0.25); Pr0.65Sr0.35MnO3 substituted 

with Ca2+ (0.02-0.3), Nd3+ (0.05-0.35). All the systems were investigated in polycrystalline and 

nanocrystalline form and the results were compared. Possible origins of some of the properties are 

proposed and future development is discussed.  

key words: manganites, polycrystalline perovskites; colossal magnetoresistance; nanoparticle 

perovskites; crystallography; magnetic behavior; phase transition; critical behavior; 

magnetocaloric effect 
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Summary 

At a certain moment, humanity’s understanding of environmental problems catches up with their 

eagerness and blind desire for quick comfort. In the aftermath, a human being contemplates alone 

in silence and realizes that more efficient and less harmful methods for producing energy are 

required. These should include: better engines which rely less on fossil fuels, industry which 

produces less harmful gases and waste that does not pollute our environment.  

Some of the proposed solutions or, at least, temporary fixes, are solar, wind power and greatly 

underrated nuclear power. One of the more environmentally friendly areas of research are the 

magnetic properties of materials. Among them, transition metal oxides show a wide variety of 

properties, strong coupling between electrical, thermal and magnetic properties. These compounds 

have revealed specific properties which are already under more meticulous investigation. Colossal 

magnetoresistance (CMR) is being researched in order to improve electrical devices and high 

magnetocaloric effect (MCE) can be implemented for cooling in cryogenics and in many other 

devices [4-7].  

In this work, we will present an investigation of magnetic and electrical properties of Mn+-based 

perovskite oxides, focusing on Colossal magnetoresistance and Magnetocaloric effect. First 

chapter is structured as follows: Initially, we will present a brief overview of perovskite structure 

and its properties. Secondly, we will discuss specific phenomena such as charge ordering, orbital 

ordering, phase separation, relevant exchange mechanisms, mean field theory and brief overview 

of other critical behavior models. Next we will present Colossal magnetoresistance and more in 

depth, Magnetocaloric effect and their methods of measurements. 

Chapter 1 will introduce the reader to the theoretical aspects of the research, including the structure 

of peroskites, variety of electronic, orbital and molecular construction and their possible effect of 

the physical properties. Brief explanation will be presented into the critical behavior of managnites 

as well as theoretical considerations of Colossal magnetoresistance and magnetocaloric effect.  

Chapter 2 will present the technical methods used to obtain the studied compounds, including 

solid state reaction and sol-gel method. In addition, we will present methods and instrumentation 

used for sample structural characterization and investigation of their electrical and magnetic 

properties.  

Chapter 3 will present our results from investigation of La0.7Ba0.3MnO3 substituted with                  

Eu3+ (0.05-0.4), Ho3+ (0.03-0.15) in polycrystalline and nanocrystalline form with particular focus 

on their resistivity and magnetocaloric properties. 

Chapter 4 will present our results from investigation of La0.7Ba0.3MnO3 substituted with                  

Ca2+ (0.15-0.25) in polycrystalline and nanocrystalline form with particular focus on their 

resistivity and magnetocaloric properties. 
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Chapter 5 provides result from our investigation into Pr0.65Sr0.35MnO3 substituted with                     

Ca2+ (0.02-0.3) in polycrystalline and nanocrystalline form. As with chapter 3 and 4, the focus will 

be on the electrical and magnetocaloric properties. 

Chapter 6 provides result from our investigation into Pr0.65Sr0.35MnO3 substituted with                     

Nd3+ (0.05-0.35), in polycrystalline and nanocrystalline form. As with chapter 4, the focus will be 

on the electrical and magnetocaloric properties. 

Chapter 7 will conclude the main points of our research and will propose several avenues for 

future experimentation based on the results obtained in this work. 

 

1. Introduction 

ABX3 is a perovskite structure where A-site and B-site form cubic structures each and X forms an 

octahedron with B-site as the center. Most commonly, rare-earth elements take place at A-sites, 

but similarly sized alkaline-earth can take their place or replace them when doping is needed. The 

options do not stop there, as even organic molecules can sit at sites, for example, CH3NH3PbI3 is 

used in solar cell research [15]. Smaller 3d-transition metals ions occupy B-sites; X-site can host 

I- or Cl- ions, but O- is by far the most abundant and convenient.  

One of the main reasons for scientific interest in Manganite oxides is due to discovery of Colossal 

Magnetoresistance (CMR) effect [5,7]. A competition between Jahn –Teller effect and double 

exchange, magnetoresistance is defined as percentage change of resistivity under a magnetic field 

in relation to its absence. Many manganites have shown order of magnitude change in resistivity 

upon application of an external magnetic field.  

The magnetocaloric effect (MCE) is the change in adiabatic temperature (∆Tad) due to a change in 

the magnetization of the material. In scientific circles, magnetocaloric effect, more often than not, 

is defined as the isothermal magnetic entropy change (∆Sm) as opposed to the change in adiabatic 

temperature [27]. This intrinsic property is exhibited by all ferromagnetic materials. In MCE 

process, demagnetized sample is placed in a magnetic field H. As a result, randomly oriented spins 

align with the field. The energy required to “turn” the spins and keep them aligned also affects the 

lattice, increasing the vibrations. The next step in magnetic refrigeration is to remove the excess 

heat. This is done via contact with a heat sink which brings the system back to its original 

temperature T. As the external field is removed, electron spins return to their preferred random 

orientation, increasing spin entropy. Of course, to compensate and find an equilibrium, lattice 

entropy decreases, thus lowering overall temperature T - ∆T.  

The value of MCE is greatly affected by the order of phase transition. A careful combination of 

first order and second order transitions can increase MCE and help refrigeration [68, 27]. Structure, 

disorder, doping level, vacancies, type of exchange, all play a crucial role in magnitude of MCE. 

In addition, it is influenced by the critical behavior of the system. The mean field theory (MFT) or 
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the mean field approximation estimates the behavior quite well, but it is not always applicable. 3D 

Heisenberg model and Tricritical mean field model describe the systems at different 

dimensionality and range. Most compounds are well described by one of these models.  

Research for high values of magnetocaloric effect are not limited to room temperature range. 

Paramagnetic salts used in modern state-of-the-art cooling systems (adiabatic demagnetization 

refrigerators) show large MCE at temperatures below 1K. Therefore, investigation of low 

temperature MCE in materials such as manganites can garner attention.  

To summarize, here are some of the most important properties of manganites for use in 

refrigeration and other applications: they are relatively cheap to produce and are chemically stable; 

they exhibit remarkably wide variety of useful properties, including large thermopower, colossal 

magnetoresistance, and giant magnetocaloric effect; peak MCE happens at Tc which can be tuned 

by hole doping to be in the temperature range of 10 K – 400 K; structural, ferromagnetic and anti-

ferromagnetic phase transitions enhance entropy change ∆Sm and produce normal and inverse 

MCE.  

2. Experimental methods, techniques and instruments.  

This chapter is focused on the experimental techniques used to produce and characterize Mn-based 

perovskites. General and particular methods used in these experiments are introduced. Details of 

sample preparation methods, VSM, XRD, four-point resistivity measurement cryogenic system, 

electron microscopy: TEM, SEM, Iodometry are discussed.  

2.1              Sample preparation. 

There are several methods for bulk and nano-crystalline sample preparation. In this work, solid-

state reaction and sol-gel methods were used due to their simplicity, availability and excellent 

results [106]. High purity precursors are required for good samples and they were obtained via 

Alfa Aesar. 

2.1.1                Solid-state method 

There is reason as to why classics become classics. It is because they work regardless of changing 

circumstances. As such, solid state reaction fits the bill. It involves mixing precursor powders by 

hand, pressing them into pellets, calcination and finally, sintering them to their final form. 

Precisely measured precursors are dehydrated and then placed in a mortar and grinded by a pestle 

for at least 3 hours. Next, the mixture, still in powder form, is placed in an oven at 1100°C for 24 

h for calcination. This achieves the conversion of carbonates into oxides, the removal of unwanted 

elements such as CO2 and initiates the reaction. After, the powder is pressed into a pellet of 10 mm 

width under 3 tons. Lastly, the pellet is sintered at 1350°C for 30 h. The temperature is chosen 

based on the phase diagrams of the substances. It must be below the melting point but high enough 

to promote diffusion.  
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2.1.2                 Sol-gel method.  

Sol-gel method belongs to the class of wet chemical methods..  

In our experiments, Nitrates of metal precursors were chosen. The first state of the process involves 

dissolving exactly measured nitrates in pure water (18.2 MΩ × cm at 25°C) at 60°C for up to 1h. 

After, 10 g of sucrose is added to the mix. Such mixing allows positive ions to bond to OH- hubs 

of the sucrose chain. After more mixing for 45 minutes, 2 g of pectin is added. This blend is further 

mixed for 20 minutes. Second step dries the solution in a sand-bath at 100°C for 24 h or until it is 

visibly dry, which can take up to 3 days. Finally, xero-gel is burned in an oven with high oxygen 

flow at 1000°C for 2 h.  

2.2             Characterization methods 

2.2.1           X-ray diffractometer 

Amid the plethora of characterization techniques and equipment, X-ray diffraction (XRD) is the 

“bread and butter” of every solid-state investigation.  

Solid bodies can be regarded as a uniform arrangement of evenly spaced ions or atoms. If the 

interplanar distance is d and the incident x-ray has the wavelength on the scale of this distance d, 

then constructive diffraction occurs according to Bragg’s law [109, 113].  

The diffraction pattern can be analyzed to determine compound composition, purity, cell size and 

lattice dimensions. We have implemented the use of Williamson-Hall method for determining 

crystallite size. In addition, we have used Fullprof Rietveld refinement analysis to determine lattice 

size and structure. 

2.2.2             Magnetic measurements (Vibrating magnetometer) 

Magnetic measurements were done in a Vibrating Sample Magnetometer (VSM) set-up - CFM- 

12 T cryogen-free magnet system (Cryogenic Ltd.). Magnetization M(T, H) was recorded in 

varying external fields in the temperature range of 4 – 400 K. The system has the ability to achieve 

temperature ranges of 1 – 600 K. Superconducting coil is able to produce magnetic flux density 

up to 12 T. For measurements of field cooled response, a field of 0.05 T was used, while calculation 

of isothermal magnetization required fields of up to 4 T.  

2.2.3 Resistivity measurements. Four point cryogenic resistivity measurement set 

up 

This equipment consists of a cryostat, a measuring rod, four-point chip and a computer conrolling 

and processing conditions and results [109].  

Cryostat is a device used to maintain low temperature of the sample. We used a CFM- 7 T cryogen-

free magnet system (Cryogenic Ltd.) working in the temperature range from 5 K to 300 K and 
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magnetic fields up to 7 T. The gryogen free systen uses pulse tube cryocooler to achieve  4K 

temperatures and liquification of Helium in the magnet and sample space.  

The key to this set up is the four point measuring chip. The advantage of four terminal set up is 

understood in comparison to the disadvantages of two terminal set up. While sending current 

through the only two wires and measuring the resistance of the sample, the resulting resistance 

will include the values of inherent resistance of the wires. For large values of sample resistance, 

this may be a sufficient measurement method, but for small values, a more sensitive, four point 

system is a better implement as it gets rid of the wire resistance. The calculation of resistance is 

done using the well known  Omh’s law. 

2.2.4 Scanning electron microscope (SEM), Transmission electron microscope 

(TEM) and optical microscope 

Imaging of the samples was rendered possible through Scanning and Transmission electron 

microscopy (SEM and TEM), as well as in an optical microscope. Transmission electron 

microscopy is another instrument used for characterization of samples. For this study, TEM was 

applied on nanocrystalline compounds.  

If one desires only surface knowledge of the sample, optical, or also-called light microscopy can 

do the job. These sizes were later compared to Rietveld and W-H approximations for all bulk 

samples.  

2.2.5               Iodometry 

Magnetic and electric properties of manganite oxides depend on the Mn3+- O - Mn4+ relationship. 

Of course, if some of the oxygen atoms are removed, the overall strength of magnetism can suffer; 

the ratio Mn+3/Mn+4 changes by decreasing the number of Mn+4 ions. On the other hand, it is also 

possible to have an excess of oxygen. This will cause the change in Mn+3/Mn+4 ratio by increasing 

the number of Mn+4 ions [118, 119].  

Iodometry is a chemical titration process that estimates the amount of Mn+3 vs Mn+4 by dissolving 

the sample in acid, then forcing negative acid ions to react with Iodine ions which is, finally, 

titrated using sodium thiosulfate. The result is then backtracked through balanced chemical 

equations to calculate the amount of Mn+ ions in the first reaction.  
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Chapter 3. Structural analysis, electrical and magnetic 

properties, magnetoresistance, magnetocaloric effect in 

polycrystalline and nano-sized La0.7Ba0.3MnO3 substituted 

with Eu, Ho. 

3.1 Introduction 

Perovskites with the formula RE1-xAEx(Mn3+/Mn4+)O3 possess a plethora of interesting properties 

based on strong spin, charge, orbital and lattice degrees of freedom. Manganites, possessing decent 

values of entropy change [44, 93, 96, 100], jump ahead of the competition by having the ability to 

be manipulated for desirable transition temperatures by changing the structure of the lattice. In this 

work, we have used an opportunity to investigate a series of compounds. As a parent system, for 

this chapter, we took polycrystalline La0.7Ba0.3MnO3 which exhibits a PM/FM transition at Tc = 

336 K, (340 K for La0.67Ba0.33MnO3) [102,121,122]. From previous work, it is known that La – 

based compounds exist in FMM state under the transition temperature TC, while Eu3+ – based 

compounds show FMI (ferromagnetic insulator) behavior. On the other hand,  Ho3+ – based 

manganites exhibit a more complex phase diagram, mostly AFM-ferroelectric, with TN = 72 K. 

The parent compound La0.7Ba0.3MnO3 in nano-scale form exhibits a shifted Curie temperature 

which is attributed to crystalline size, and surface defects where broken bonds and canting of spins 

lead to lower correlation [127, 128]. Addition of smaller sized ions at the A-site is expected to 

lower Curie temperature even more. 

 

3.3 Results and discussion 

3.3.1 Polycrystalline and nano-scale La(0.7-x)EuxBa0.3MnO3   

(x = 0, 0.05, 0.1, 0.2, 0.3, 0.4) 

3.3.1.1 Structural characterization of polycrystalline La(0.7-x)EuxBa0.3MnO3 

 

Polycrystalline systems remain in Rhombohedral, space group R-3c, lattice symmetry. Inclusion 

of Europium changes Mn3+ – O – Mn4+ angle, increasing the bandwidth. The results of Rietveld 

refinement show that lattice dimension a(Å) and cell volume V(Å3) both lower with addition of 

Eu3+. This is, foremost, caused by the smaller ionic radius of Eu3+ ions   (1.12 Å) compared to 

La3+ radius (1.216 Å) [130]. Smaller Eu3+ ions also introduces disorder and leads to shortening of 

Mn - O bond lengths. For bulk polycrystalline samples, grain size increases with increase of 

substitution, varying between 3 - 10 μm. 
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Figure 3.1. X-ray diffraction patterns for La0.7-xEuxBa0.3MnO3 polycrystalline samples [131] 

 

Oxygen content investigation via Iodometry showed oxygen deficiency in polycrystalline samples. 

All bulk La0.7-xEuxBa0.3MnO3 compounds exhibited oxygen deficit in the range of 2.97 -2.99 instead 

of ideal 3. Relative standard deviation of maximum 2.69% makes these measurements reliable. 

 

3.3.1.2 Structural characterization of nano-scale La(0.7-x)EuxBa0.3MnO3   

In contrast to polycrystalline samples, nano-sized samples exhibit wider pattern peaks. This is 

due to smaller crystallite sizes which differ from each other in reflective angle for the X-rays. 

Rietveld refinement analysis confirms the R3c space group for all samples just as with bulk 

compounds. Lattice dimensions also tend to decrease with increasing Eu3+ substitution caused by 

smaller ionic radius of Eu3+ compared to La3+, but in contrast, they do not diminish linearly. 

Overall cell volume gets smaller. 
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Figure 3.2. X-ray diffraction patterns for La0.7-xEuxBa0.3MnO3 nano-sized samples [132] 

For nano-samples, TEM investigation revealed particle size variation to be between 30 - 70 nm. 

All nano-sized particles exhibit slight oxygen excess, with the highest being O3.02. This result can 

be attributed to high surface to volume ratio of the particles, where on the surface, bonds are 

broken creating more of Mn4+ ions [126]. 

 

3.3.1.3. Electrical properties of polycrystalline La0.7-xEuxBa0.3MnO3  

Electrical resistivity measurements on the bulk compounds exhibit behavior common for many 

ferromagnetic manganites, particularly sharp metallic-insulator transition at Tp. This transition 

temperature is associated with magnetic PM to FM transition Tc but is shifted to lower temperature 

based on strong grain boundary semi-conducting effects. With application of external magnetic 

fields, Tp is shifted to higher temperatures increasing conductivity. All compounds show classical 

CMR trends. Negative MR increases with Eu substitution reaching 63% for x = 0.3.  

Sample with x = 0.4 is a special case in this system, showing a semi-conducting exponential jump 

in resistivity below its Tp temperature. The best fit for this is VRH model for a three-dimensional 

system: ρ(T) = ρ0 exp (T0/T) 0 25.   
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Figure 3.3. Resistivity vs temperature graphs for La0.7-xEuxBa0.3MnO3 (a) x = 0.3 and (b) x=0.4. 

The inset shows the fitting of ln(ρ) as a function of T-1/4 for μ0H = 0 T [132]. 

An interesting feature can be seen in samples with x = 0, 0.05, 0.1, 0.2 and 0.3. At low 

temperatures, at around 30 - 40 K, an upturn in resistivity is observed. It is explained by an increase 

in scattering due to intra-grain conditions and external boundary behavior [134]. At low 

temperatures, electrical conductivity at the grain boundaries depreciates, caused by high disorder. 

Table 3.1. Experimental values for La0.7-xEuxBa0.3MnO3 bulk materials: electrical properties [132] 

Compound (bulk) TC(K) TP(K) 
ρpeak ( Ωcm) 

in 0 T 

MRmax (%) 

(1T) 

MRmax (%) 

(2T) 

La0.7Ba0.3MnO3 340 295 0.693 5.8 12.9 

La0.65Eu0.05Ba0.3MnO3 297 256 0.812 4.2 11.8 

La0.6Eu0.1Ba0.3MnO3 270 220 0.084 32.9 52.6 

La0.5Eu0.2Ba0.3MnO3 198 165 21.753 22.7 42.1 

La0.4Eu0.3Ba0.3MnO3 142 103 240.455 40.4 63.6 

La0.3Eu0.4Ba0.3MnO3 99 - 100∙109 - - 

 

3.3.1.4  Magnetic properties of polycrystalline La0.7-xEuxBa0.3MnO3 compounds 

Measurements of magnetization FC and ZFC regimes manifest FM ordering below Tc and PM 

ordering above Tc. Same typical ferromagnetic behavior is observed in isothermal M vs μ0H 

graphs, where all samples exhibit a steep rise in initial magnetization at temperatures below Tc. 

The sample with x = 0.05 has the transition from PM to FM very close to room temperature at   

297 K and x = 0.1 sample undergoes transition at 270 K. 
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Figure 3.4. a) ZFC-FC curves in μ0H = 0.05 T and b) derivative of magnetization for bulk      La0.7-

xEuxBa0.3MnO3 samples [132]. 

 

 

3.3.1.5 Magnetic properties of nano-sized La0.7-xEuxBa0.3MnO3 compounds 

Corresponding nano-sized compounds experiences lower Tc. Each following increase of Eu 

content decreases Tc.  
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Figure 3.5 ZFC-FC curves of magnetization for La0.7-xEuxBa0.3MnO3 a) nano-scale samples in μ0H 

= 0.05 T and b) derivatives dM/dT of nano-scale samples [132]. 

While the sample with x=0.05 for bulk has Tc at 297 K, same x = 0.05 for nano-compound shows 

Tc = 220 K. Every subsequent sample with larger Eu3+ substitution lowers Curie temperature Tc: 

200 K for x=0.1, 136 K for x = 0.2, 90 K for x=0.3 and 64 K for x=0.4. Non-linear drop in Tc 

temperatures of nano-sized particles should be associated with difference in average nano-particle 

size. 
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3.3.1.6 Critical magnetic behavior of polycrystalline La0.7-xEuxBa0.3MnO3 samples 

Arrott plots confirm second-order phase transition for all compounds. Construction of Modified 

Arrot plots revealed an interesting difference between the two systems: all bulk compounds are 

governed by tri-critical mean field model and all nano-sized compounds are governed by 

conventional mean field model.  

Table 3.2. Critical exponents values for polycrystalline and nano-scale La0.7-xEuxBa0.3MnO3 

samples [132]. 

compound γ β δ Tc (K) 

x=0 bulk 1.065 0.288 4.69 340 

x=0.05 bulk 0.985 0.234 5.2 297 

x=0.1 bulk 1.07 0.245 5.37 270 

x=0.2 bulk 0.976 0.276 4.54 198 

x=0.3 bulk 0.983 0.255 4.85 142 

x=0.4 bulk 1.022 0.249 5.10 99 

x=0 nano 1.164 0.493 3.36 263 

x=0.05 nano 1.27 0.538 3.36 220 

x=0.1 nano 1.112 0.521 3.13 200 

x=0.2 nano 1.111 0.461 3.41 136 

x=0.3 nano 1.224 0.537 3.28 90 

x=0.4 nano 1.198 0.512 3.34 64 

Mean field model 1 0.5 3  

3D-Heisenberg model 1.366 0.355 4.8  

Ising model 1.24 0.325 4.82  

Tricritical mean field model 1 0.25 5  

 

3.3.1.8 Magnetic entropy change in polycrystalline La0.7-xEuxBa0.3MnO3 

compounds 

La0.7-xEuxBa0.3MnO3 samples are ferromagnetic throughout and undergo second order transition at 

PM to FM phase change, the effect of magnetic field on the sample will be to decrease its entropy. 

Negative magnetic entropy change for all La0.7-xEuxBa0.3MnO3 (x = 0, 0.05, 0.1, 0.2, 0.3, 0.4) 

polycrystalline samples was established. In Figure 3.6, we present selected graphs of -ΔSM vs T for 

samples closest to sought after room temperature Tc.  Table 3.3 in the next section compares the 

cooling potential of nano and bulk compounds and shows the values of entropy change for all of 

the samples. 
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Figure 3.6 Magnetic entropy change vs temperature (-ΔSM vs T) graphs for several bulk     La0.7-

xEuxBa0.3MnO3 samples with the closest to room temperature Tc.   a) x=0 b) x=0.05 c) x=0.1 d) 

x=0.2 [132] 

Maximum entropy change is exhibited by the sample with Eu content of x = 0.05                             

|ΔSM| = 4.2 J/kgK at 4 T and for x = 0.1 with |ΔSM| = 4.1 J/kgK at the same field while the parent 

compound possesses |ΔSM| = 3.5 J/kgK.  

 

3.3.1.9 Magnetic entropy change in nano-scale La0.7-xEuxBa0.3MnO3 compounds 

Nano-sized particles show lower entropy change values. As a positive, they exhibit a much wider 

temperature range δTFWHM with some exceeding 90 K. For example, while bulk x = 0.05 at 4 T 

shows   |ΔSM| = 4.2 J/kgK, same nano-sample has |ΔSM| = 1.63 J/kgK. All samples exhibit values 

under 2 J/kgK. All the values can be seen in the Table 3.3 in the next section.  
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Figure 3.7 Magnetic entropy change vs temperature (-ΔSM vs T) graphs for several nano    La0.7-

xEuxBa0.3MnO3 samples with the closest to room temperature Tc.   a) x=0 b) x=0.05 c) x=0.1 d) 

x=0 [132]. 

 

3.3.1.10 Magnetocaloric effect in polycrystalline and nano-scale  

La0.7-xEuxBa0.3MnO3  

Table 3.3 lists RCP values for all compounds, including bulk and nano-scale samples. We can see 

that, for bulk, the initial introduction of Eu3+ ions into the system does not increase RCP for any 

values of applied magnetic field, although its maximum entropy change increases from the parent 

compound. Temperature range at half maximum is smaller, or in other words, the curve of the peak 

is narrower than for the parent sample. 

Application of stronger fields leads to increase in peak entropy change and in the width of the 

peaks, hence, increase in RCP. At μ0ΔH = 4 T values augment to values which are quite large, 

comparable with the best values of other researched manganites [4, 153, 154, 155, 156, 157]. 
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Table 3.3. Experimental values for La0.7-xEuxBa0.3MnO3 materials: magnetic and magnetocaloric 

measurements [132]. 

Compound  
TC 

(K) 

Ms 

(μB/f.u.) 

Mr 

(μB/f.u.) 

 

Mr/ Ms Hci(Oe) 

|ΔSM| 

(J/kgK) 

μ0ΔH = 1 T 

|ΔSM| 

(J/kgK) 

μ0ΔH = 4 T 

RCP(S) 

(J/kg) 

μ0ΔH = 1 T 

RCP(S) 

(J/kg) 

μ0ΔH = 4 T 

Refs 

La0.7Ba0.3MnO3 (bulk) 340  

4.04 

0.24 0.06 200 1.33 3.5 53.7 158.4 This 

work 

La0.65Eu0.05Ba0.3MnO3 297 3.87 0.57 0.15 172 1.71 4.2 42.7 155.4 This 

work 

La0.6Eu0.1Ba0.3MnO3 270 3.84 0.64 0.17 63 1.6 4.1 40 187.7 This 

work 

La0.5Eu0.2Ba0.3MnO3 198 3.7 0.22 0.06 67 1.41 3.7 38.1 212.6 This 

work 

La0.4Eu0.3Ba0.3MnO3 142 3.78 0.4 0.11 66 1.7 3.5 42.6 176.4 This 

work 

La0.3Eu0.4Ba0.3MnO3 99 3.46 0.54 0.16 120 1.02 2.83 25.7 133.3 This 

work 

La0.7Ca0.3MnO3 256     1.38  41  44 

La0.7Sr0.3MnO3 365     - 4.44(5T)  128(5T) 44 

La0.6Nd0.1Ca0.3MnO3 233     1.95  37  44 

Gd5Si2Ge2 276     - 18(5T) - 535(5T) 44 

Gd 293     2.8  35  44 

La0.7Ba0.3MnO3(nano) 263 2.79 
1.16 0.41 

480 1.04 1.37 105.4 130.1 
This 

work 

La0.65Eu0.05Ba0.3MnO3(nano) 220 2.95 
0.84 0.28 

410 0.43 1.63 43.3 155.6 
This 

work 

La0.6Eu0.1Ba0.3MnO3(nano) 200 2.6 
0.88 0.34 

390 0.93 1.23 93.5 135.3 
This 

work 

La0.5Eu0.2Ba0.3MnO3(nano) 136 2.96 
0.78 0.26 

280 0.46 1.68 47.8 218.4 
This 

work 

La0.4Eu0.3Ba0.3MnO3(nano) 90 2.3 
0.83 0.36 

590 0.39 1.99 38.3 187.7 
This 

work 

La0.3Eu0.4Ba0.3MnO3(nano) 64 2.09 
0.63 0.3 

960 0.25 1.09 23.3 119.9 
This 

work 

La0.67Ca0.33MnO3(nano) 260      0.97(5T)  27(5T) [154] 

La0.6Sr0.4MnO3(nano) 365     1.5  66  [153] 

Pr0.65(Ca0.6Sr0.4)0.35MnO3(nano) 220     0.75  21.8  [156] 

 

We have estimated TEC for all the samples and found that it tends to diminish with expanding 

temperature range for all compounds; more so prominently for bulk samples because their entropy 

curve is much smoother and narrower. This means that the most viable use for materials in cooling 

devices is at shorter temperature ranges (ΔT = 5 – 10 K). In addition, polycrystalline compounds 

possess higher values of TEC compared to their nano-sized counterparts, with the external 
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magnetic field needing to be µ0ΔH = 4 T in order to match the results from bulk at µ0ΔH = 1 T at 

around 1.6 J/kgK.  
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Figure 3.8 Temperature-averaged entropy change (TEC) vs ΔTH-C for  

a) polycrystalline La0.7-xEuxBa0.3MnO3 b) nano-sized La0.7-xEuxBa0.3MnO3 

 

 

3.3.2 Polycrystalline and nano-scale La(0.7-x)HoxBa0.3MnO3   

(x = 0.03, 0.05, 0.1, 0.15) 

3.3.2.1 Structural characterization of polycrystalline La(0.7-x)HoxBa0.3MnO3 

The symmetry of the samples does not change from the parent compound which belongs to 

Rhombohedral R3c space group. Average ionic radius becomes smaller caused by smaller Ho3+ 

ionic radius (1.072 Å) compared to La3+ ionic radius (1.216 Å) [130]. This, in turn, causes smaller 

lattice dimensions and cell volume.  
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Figure 3.9 X-ray diffraction patters for polycrystalline La0.7-xHoxBa0.3MnO3 

Preparation of the samples incurred an obstacle in that Ho3+ ions prefer to arrange into a hexagonal 

structure, like HoMnO3 compounds. Here, phase separation was observed in x-ray patterns for 

samples with high Ho3+ content and the bulk compound with x = 0.15 was prepared by quenching 

the sample in water right after sintering in order to prevent phase separation during the cooling 

period. 

Oxygen stoichiometry was investigated by implementing the iodometric titration method [118]. It 

reveals oxygen deficiency for all bulk La0.7-xHoxBa0.3MnO3 samples.  

 

3.3.2.2 Structural characterization of nano-scale La(0.7-x)HoxBa0.3MnO3  

Patterns shown in Figure 3.10 reveal a single phase for all compounds with acceptable impurity 

levels. Further investigation of the patterns by Rietveld refinement method shows that samples 

possess rhombohedral R3c symmetry. In addition, cell volume diminishes compared to the parent 

nano-compound La0.7Ba0.3MnO3 with each addition of Ho3+ ions. On the other hand, lattice 

dimensions do not diminish linearly, similar to the case with La0.7-xEuxBa0.3MnO3 nano-sized 

particles. Results for cell volume and lattice parameters show that they are smaller than equivalent 

bulk samples.  
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Figure 3.10 X-ray diffraction patterns for nano-scale La0.7-xHoxBa0.3MnO3 

According to Rietveld refinement analysis, the average particle size of the nano-scale compounds 

lies in the range of 20 nm except the x = 0.1 sample where Rietveld produced a 82.25 nm 

estimation. TEM shows that average particle for nano-compounds is in the range of 50 - 80 nm. 

Results from Iodometric titration analysis show that all of the nano-compounds have oxygen 

excess. The average oxygen formula looks like O3.02±0.02, meaning that Iodometry revealed a slight 

excess of Mn4+ ions in the compounds. 

3.3.2.3. Electrical properties of polycrystalline La0.7-xHoxBa0.3MnO3 

Investigation of the electrical properties of the polycrystalline compounds, revealed typical CMR 

behavior. All samples experience peak in resistivity Tp associated with metal-insulator transition 

and it is related to the FM/PM magnetic transition at Tc but is shifted to lower temperatures caused 

by strong grain boundary effect which act as semi-conductors.  

All compounds show minimum at the lowest temperatures, at 10 K, in contrast to                            

La0.7-xEuxBa0.3MnO3 compounds, which manifest an upturn at low temperatures after a minimum 

in resistivity.  

Maximum resistivity ρpeak (Ωcm) is lowered as the Ho3+ content grows after an initial increase. A 

possible reason for this decrease can be the decrease in the Mn - O bond length and increase in the 

Mn3+ – O – Mn4+ angle leading to an increase in metallicity. This behavior was observed in other 

systems under our investigation, with low substitution levels.  

Negative magnetoresistance MR has been observed for all bulk samples. It increases from the MR 

values of the parent sample for both 1 T and 2 T field differences.  
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Figure 3.11. Resistivity vs temperature graphs for the bulk La0.7-xHoxBa0.3MnO3 samples with (a) 

x = 0.03 and (b) x=0.05. 

 

Table 3.4. Experimental values for La0.7-xHoxBa0.3MnO3 bulk materials: electrical properties. 

Compound (bulk) TC(K) TP(K) 
ρpeak ( Ωcm) 

in 0 T 

MRmax (%) 

(1T) 

MRmax (%) 

(2T) 

La0.7Ba0.3MnO3 340 295 0.693 5.8 12.9 

La0.67Ho0.03Ba0.3MnO3 298 256 4.46 7.4 14.4 

La0.65Ho0.05Ba0.3MnO3 272 228 3.40 17.2 28.8 

La0.6Ho0.1Ba0.3MnO3 223 209 2.82 22.1 36.4 

La0.55Ho0.15Ba0.3MnO3 185 165 2.77 27.4 38.7 

 

3.3.2.3 Magnetic properties of polycrystalline La0.7-xHoxBa0.3MnO3  compounds 

Magnetic measurements in low field cooling and in zero field cooling (ZFC-FC) regimes in the 

temperature range 4 K - 300 K show typical ferromagnetic behavior. The compounds undergo 

PM/FM phase transition at temperatures Tc. Polycrystalline compounds of x = 0.03 and x = 0.05 

reveal near room temperature Tc values. All samples exhibit soft-magnetic behavior.  
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Figure 3.12 a) ZFC-FC curves and b) derivative of magnetization for bulk La0.7-xHoxBa0.3MnO3 

samples.  

 

3.3.2.5 Magnetic properties of nano-scale La0.7-xHoxBa0.3MnO3 compounds 

Magnetization of the nano-scale samples was investigated FC and ZFC measurements in the 

temperature range 4 - 310 K in a field of 0.05 T. Analogous to the bulk samples, every nano-

compound exhibits typical magnetic FM and PM phases. At low temperatures, below blocking 

temperature, the difference between ZFC and FC lines is greater than in bulk samples suggesting 

higher anisotropy. Phase transition occurs more gradually in nano-scale compounds evidenced by 

a lower slope of the ZFC-FC plots at the transition temperature. 
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Figure 3.13 a) ZFC-FC curves and b) derivative of magnetization for nano La0.7-xHoxBa0.3MnO3 

samples. 

It can be seen in Figure 3.13b, that the derivative does not take a sharp minimum value, confirming 

a more gradual phase transition.  
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Curie temperature values are lower than those for the equivalent polycrystalline sample. For 

instance, sample x = 0.03 exhibits Tc = 251 K, whereas the bulk x = 0.03 sample shows                        

Tc = 298 K.  

 

3.3.2.6 Critical magnetic behavior of polycrystalline La0.7-xHoxBa0.3MnO3 samples 

Construction of conventional Arrott plots revealed second-order phase transition for all samples. 

All polycrystalline compounds are governed by the tricritical mean field model for γ exponent 

related to inverse of susceptibility and by 3D Heisenberg model for β exponent related to 

spontaneous magnetization. For nano-scale compounds, MAP lines look similar to the original 

Arrott plot lines and are all governed by mean field model.  

 

Table 3.5. Critical exponents values for La0.7-xHoxBa0.3MnO3 polycrystalline and nano-scale 

samples. 

compound γ β δ Tc (K) 

x=0 bulk 1.065 0.288 4.69 340 

x=0.03 bulk 0.973 0.347 3.8 298 

x=0.05 bulk 0.958 0.357 3.68 272 

x=0.1 bulk 0.878 0.398 3.21 220 

x=0.15 bulk 0.892 0.393 3.28 185 

x=0  nano 1.164 0.493 3.36 263 

x=0.03 nano 1.073 0.549 2.95 251 

x=0.05 nano 0.974 0.515 2.89 239 

x=0.1 nano 0.988 0.476 3.08 205 

x=0.15 nano 1.072 0.556 2.93 190 

Mean field model 1 0.5 3  

3D-Heisenberg model 1.366 0.355 4.8  

Ising model 1.24 0.325 4.82  

Tricritical mean field model 1 0.25 5  

 

3.3.2.8 Magnetic entropy change in polycrystalline La0.7-xHoxBa0.3MnO3 

compounds 

Isothermal magnetic measurements at temperatures below and above Tc with interval of 5 K were 

used to calculate entropy change for all samples. In La0.7-xHoxBa0.3MnO3 values for maximum 

entropy change are comparable to other manganite compounds exhibiting only second-order 

transition. The sample with x = 0.03 exhibits the highest value of entropy change |ΔSM|, at around 

Tc, of 5.36 J/KgK in μ˳∆H = 4 T. Possibly another important value to be mentioned is the entropy 
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change |ΔSM| for x = 0.05 sample at μ˳∆H = 1 T, it is highest among all samples at 2.11 J/KgK. 

This sample possesses near room temperature Tc = 272 K.  

240 260 280 300 320
0

1

2

3

4

5

6

 0DH=1T

 0DH=2T

 0DH=3T

 0DH=4T

La0.67Ho0.03Ba0.3MnO3 bulk

-D
S

m
 (

J
/k

g
K

)

T(K)

a)

 

220 240 260 280 300 320
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

La0.65Ho0.05Ba0.3MnO3 bulk

 0DH=1T

 0DH=2T

 0DH=3T

 0DH=4T

-D
S

m
 (

J
/k

g
K

)

T(K)

b)

 

180 200 220 240 260 280
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

La0.6Ho0.1Ba0.3MnO3 bulk

 0DH=4T

 0DH=3T

 0DH=2T

 0DH=1T

-D
S

m
 (

J
/k

g
K

)

T(K)

c)

 

160 180 200 220 240
0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

 0DH=4T

 0DH=3T

 0DH=2T

 0DH=1T

La0.55Ho0.15Ba0.3MnO3 bulk

-D
S

m
 (

J
/k

g
K

)

T(K)

d)

 

Figure 3.14 Magnetic entropy change vs temperature (-ΔSM vs T) graphs for bulk  

La0.7-xHoxBa0.3MnO3 samples.   a) x=0.03 b) x=0.05 c) x=0.1 d) x=0.15 

 

3.3.2.9 Magnetic entropy change in nano-scale La0.7-xHoxBa0.3MnO3 compounds 

For nano-scale compounds, the measured entropy change is lower than for their polycrystalline 

counterparts, but exhibit entropy change values higher than the parent sample except the x = 0.15 

compound. The standout sample here is the x = 0.05, which reveals |ΔSM| = 1.67 J/KgK in          

μ˳∆H = 1 T and |ΔSM| = 2.15 J/KgK in μ˳∆H = 4 T. The compound x = 0.15 exhibits the lowest 

entropy change, even lower than the parent compound at 0.4 J/KgK for μ˳∆H = 1 T but it increases 

its entropy change values with a bigger magnetic field change.  
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Figure 3.15 Magnetic entropy change vs temperature (-ΔSM vs T) graphs for nano  

La0.7-xHoxBa0.3MnO3 samples.   a) x=0.03 b) x=0.05 c) x=0.1 d) x=0.15 

 

3.3.2.10 Magnetocaloric effect in polycrystalline and nano-scale  

La0.7-xHoxBa0.3MnO3  

For nano-sized La0.7-xHoxBa0.3MnO3 compounds, width of the entropy change curve is much larger 

than for the bulk compounds, bringing the values of RCP closer together. Bulk samples exhibit 

larger cooling power at higher fields. Firstly, for μ0ΔH = 1T polycrystalline compounds show an 

initial drop in RCP relative to the parent compound La0.7Ba0.3MnO3. We see that 

La0.67Ho0.03Ba0.3MnO3 exhibits RCP = 36.2 J/Kg, down from 53.7 J/Kg for the parent sample. 

Nano-sized samples, at μ0ΔH = 1 T, report somewhat larger values of RCP, due to their very large 

values of δTFWHM which can reach 80 – 90 K. At the external magnetic field change of 4 T, things 

are slightly shifted for the bulk material. Samples x = 0.03 and x = 0.05 having the highest |ΔSM| 

do not show the highest RCP at 134 J/Kg and 136 J/Kg respectively. 



 

28 
 

 

Table 3.6. Experimental values for La0.7-xHoxBa0.3MnO3 materials: magnetic measurements. 

Compound TC(K) Ms(μB/f.u.) Mr(μB/f.u.) Mr/ Ms Hci(Oe) 

|ΔSM| 

(J/kgK) 

μ0ΔH =  

1 T 

|ΔSM| 

(J/kgK) 

μ0ΔH = 

4 T 

RCP(S) 

(J/kg) 

μ0ΔH = 

1 T 

RCP(S) 

(J/kg) 

μ0ΔH =  

4 T 

La0.7Ba0.3MnO3 (bulk) 340 4.04 0.24 0.06 200 1.33 3.5 53.7 158.4 

La0.67Ho0.03Ba0.3MnO3(bulk) 298 3.91 0.62 0.16 80 1.81 5.36 36.2 134 

La0.65Ho0.0.05Ba0.3MnO3(bulk) 272 3.98 0.12 0.03 100 2.11 3.42 69.6 136.8 

La0.6Ho0.1Ba0.3MnO3(bulk) 220 4.00 0.38 0.09 150 1.04 3.07 52 214.9 

La0.55Ho0.15Ba0.3MnO3(bulk) 185 4.07 0.39 0.09 130 0.85 2.62 51.8 209.6 

La0.7Ba0.3MnO3(nano) 263 2.79 1.16 0.41 480 1.04 1.37 105.4 130.1 

La0.67Ho0.03Ba0.3MnO3(nano) 251 2.94 1.05 0.36 420 1.13 1.49 79.1 104.5 

La0.65Ho0.0.05Ba0.3MnO3(nano) 239 3.59 0.89 0.25 310 1.67 2.15 116.9 150.5 

La0.6Ho0.1Ba0.3MnO3(nano) 205 3.63 0.97 0.27 380 1.21 1.61 96.8 128.8 

La0.55Ho0.15Ba0.3MnO3(nano) 190 3.56 1.01 0.28 450 0.4 1.5 36 135 

 

In addition to RCP we have estimated another figure of merit of cooling material – temperature 

averaged entropy change TEC. Calculations were done in temperature intervals of                           

∆TH-C = 5 – 50 K. Polycrystalline samples exhibit high values (Figure 3.16). For nano-compounds, 

the lines do not slope as much as the bulk sample’s lines - the values at ∆TH-C = 50 K are not 

drastically lower than for ∆TH-C = 5 K.  
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Figure 3.16 Temperature-averaged entropy change (TEC) vs. ΔT H-C for a) polycrystalline  

La0.7-xHoxBa0.3MnO3 b) nano-sized La0.7-xHoxBa0.3MnO3   
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Chapter 4. Structural analysis, electrical and magnetic 

properties, magnetoresistance, magnetocaloric effect in 

polycrystalline and nano-sized La0.7Ba0.3MnO3 substituted 

with Ca. 

 

4.1 Introduction 

In this chapter we will continue our investigation on the results of substitution on the A-site of the 

parent compound from chapter 3, namely La0.7Ba0.3MnO3. This time, the substitution with Ca2+ 

ions is intended to replace Ba2+ ions in the structure. Ca ions are smaller than Ba ions, thus our 

purpose is to introduce further mismatch at the A-site. The result should be change in distances 

between magnetic ions (mainly Mn+ ions) and increase of local disorder which can lead to change 

in electrical and magnetic properties.  

4.2 Resuslts and discussion  

4.2.1 Structural characterization of polycrystalline La0.7Ba0.3−xCaxMnO3 (x = 0.15, 

0.2, 0.25) 

The inclusion of Ca2+ ions into the structure at the A-site decreases the average ionic radius of the 

site <ra>. This results in stress on the MnO6 octahedron, causing its distortion. At a certain point 

of Ca2+ inclusion, the structure changes from rhombohedral R3c space group to orthorhombic 

Pbnm space group. For our study, this change occurred for Ca2+ level x = 0.25. For polycrystalline 

samples, optical microscopy reveals grain sizes in the range of 1 – 3 μm. 
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Figure 4.1 a) X-ray diffraction pattern for bulk La0.7Ba0.3−xCaxMnO3 and b) results from Rietveld 

refinement fit showing change of the space group [171]. 



 

30 
 

Finishing structural analysis is the stoichiometric investigation of oxygen content. This was done 

by carrying out Iodometric titration analysis [118]. It is aimed at estimating the Mn3+/Mn4+ ratio 

and in Table 4.3 we present the results. As with other polycrystalline compounds in this work, 

oxygen stoichiometry shows a deficit. 

4.2.2 Structural characterization of nano-scale La0.7Ba0.3−xCaxMnO3  

(x = 0.15, 0.2, 0.25) 
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Figure 4.2 a) x-ray diffraction patterns for nano-scale La0.7Ba0.3−xCaxMnO3 and  

b) results from Rietveld refinement fit, with space group change [172]. 

 

X – ray diffraction patterns for nano-sized La0.7Ba0.3−xCaxMnO3, as seen in Figure 4.2a, reveal 

peaks which are wider than ones for the polycrystalline compounds, as it is expected due to 

smaller crystallite size. In Figure 4.3b, the fit from Rietveld refinement shows that the sample        

x = 0.25, just as with the polycrystalline sample, changes its space group from R3c to Pbnm. All 

other samples belong to R-3c space group. TEM pictures show average sizes of 30 - 60 nm. 

Iodometry reveals oxygen excess for all samples.  

 

4.2.3 Electrical properties of polycrystalline La0.7Ba0.3−xCaxMnO3  

Investigation in a four-point probe cryogenic system of polycrystalline samples revealed that all 

three substituted compounds exhibit a peak in electrical resistivity Tp1 at around the same 

temperature of 226 K - 230 K. Lower values of resistivity support the result of the calculation of 

Mn3+ – O  - Mn4+ angles and Mn – O bond length. Increase in the former and shortening of the 

latter would increase the “double exchange” metallic – ferromagnetic process, and the disorder 

introduced by the inclusion of Ca2+ spreads to the grain boundaries causing the phase separation.  

All plots of ρ vs T show typical metal-insulator and CMR behavior.  Magnetoresistivity (MR) is 

negative for all samples.  
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Figure 4.3 Graphs of resistivity vs. temperature for bulk La0.7Ba0.3−xCaxMnO3 samples:  

(a) x = 0.15, (b) x = 0.2, and (c) x = 0.25 [172]. 

 

Table 4.1 Experimental values for La0.7Ba0.3−xCaxMnO3 bulk materials: electrical properties [172]. 

Compound (bulk) TC(K) TP(K) 
ρpeak ( Ωcm) 

in 0 T 

MRmax (%) 

(1T) 

MRmax (%) 

(2T) 

MRMax (%) 

(1 T) at 10K 

MRMax (%) 

(2 T) at 10K 

La0.7Ba0.3MnO3 340 295 0.693 5.8 12.9 27.03 32.11 

La0.7Ba0.15Ca0.15MnO3 308 226 0.134 10.18 19.72 25.12 32.59 

La0.7Ba0.1Ca0.2MnO3 279 226 0.073 3.42 12.99 23.78 30.97 

La0.7Ba0.05Ca0.25MnO3 261 
230 

(274Tp2) 
0.177 9.2 (22.04 Tp2) 

18.1 

(31.94 Tp2) 
24.94 33.05 

 

4.2.4.  Magnetic properties of polycrystalline La0.7Ba0.3−xCaxMnO3 compounds 

Magnetic measurements in ZFC-FC regimes disclosed FM/PM behavior throughout the 

temperature range of 4 K – 360 K, for polycrystalline. The curves for the bulk samples show a 

sharp drop in magnetization at the transition. Tc for the bulk compound x = 0.15 shows the closest 

to the room temperature transition of 308 K. Further inclusion of Ca+ ions to x = 0.2 leads to Tc = 

279 K, also close to room temperature value. The last compound with x = 0.25 drops Tc to 261 K. 

 

  

 

 

 

 

Figure 4.4 ZFC-FC graphs for bulk La0.7Ba0.3−xCaxMnO3 samples a) x = 0.15 b) x = 0.2  

c) x=0.25 [172]. 
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4.2.5. Magnetic properties of nano-scale La0.7Ba0.3−xCaxMnO3 compounds 

The ZFC-FC magnetization measurements for nano-sized La0.7Ba0.3−xCaxMnO3 particles show 

ferromagnetic behavior. The transition occurs more slowly than for the bulk compounds evidenced 

by the lower slope of the ZFC-FC curves. Derivatives of the plots with respect to temperature, 

shown in insets in Figure 4.5, reveal the value of transition temperature Tc. We see that this value 

is not as well defined as with the polycrystalline samples, particularly with x = 0.25 sample. 

Transition temperature drops with addition of Ca2+. The compound with x = 0.15 exhibits                 

Tc = 210 K, for x = 0.2: Tc = 185 K and for      x = 0.25: Tc = 130 K.  

 

 

 

 

 

 

 

Figure 4.5 ZFC-FC graphs for nano La0.7Ba0.3−xCaxMnO3 samples a) x = 0.15 b) x = 0.2  

c) x = 0.25 [172]. 

 

4.2.6. Critical magnetic behavior of polycrystalline La0.7Ba0.3−xCaxMnO3 samples 

The positive slope of the Arrott plot curves confirms second-order transition for all samples. As an 

exception, the bulk compound x = 0.25 exhibits some anomalous behavior at higher, above Tc 

temperatures, with some semblance of a negative slope. This behavior comes as no surprise, as 

similar results have been reported in other studies on (La:Ca)MnO3 compounds which do not show 

pure second order magnetic phase transitions [102].  

Modified Arrott plot (MAP) method revealed the Tricritical mean-field model as the governing 

model for polycrystalline compounds. MAP method applied on the nano-sized compounds showed 

the same results as with the other nano-compounds in this study: they are governed by the mean-

field model. These results, for La0.7Ba0.3−xCaxMnO3 systems, were confirmed by Kouvel – Fisher 

(KF) method 
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Table 4.2 Critical exponent values for all La0.7Ba0.3−xCaxMnO3 samples from the modified Arrott 

plot method [172]. 

Compound γ β δ Tc (K) 

x= 0 bulk 1.065 0.288 4.69 340  

x = 0.15 bulk 0.958 0.238 5.025 308 

x = 0.2 bulk 0.979 0.245 4.996 279 

x = 0.25 bulk 0.949 0.187 6.075 261 

x = 0 nano 1.164 0.493 3.36 263  

x= 0.15 nano 1.036 0.574 2.805 210 

x = 0.2 nano 1.022 0.555 2.838 185 

x = 0.25 nano 0.746 0.746 2 130 

Mean-field model 1 0.5 3  

3D Heisenberg model 1.366 0.355 4.8  

Ising model 1.24 0.325 4.82  

Tricritical mean-field model 1 0.25 5  

 

4.2.8. Magnetic entropy change in polycrystalline La0.7Ba0.3−xCaxMnO3 compounds 

Graphs of - ∆Sm vs T in μ0ΔH = 1 T, 2 T, 3 T and 4 T, at temperature difference ∆T = 5 K show a 

higher peak and narrower curve for the bulk compounds, with the peak residing at Tc values. |ΔSM| 

for the bulk samples exceeds the value for the parent compound. It increases for the samples with 

higher Ca2+ content. Existence of first-order-like transition presented in the sample with x = 0.25 

further influences the entropy change. All maximum entropy change |ΔSM| values at μ˳∆H = 1 T 

and μ˳∆H = 4 T are listed in the Table 4.3. 

 

 

 

 

 

 

 

 

Figure 4.6 Magnetic entropy change vs temperature (-ΔSM vs T) graphs for bulk 

La0.7Ba0.3−xCaxMnO3 samples.  a) x=0.15 b) x=0.2 c) x=0.1 d) x=0.25 [172]. 
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4.2.9 Magnetic entropy change in nano-scale La0.7Ba0.3−xCaxMnO3 compounds 

Compared to the parent nano-compound La0.7Ba0.3MnO3 the absolute value for entropy change 

|ΔSM| in μ˳∆H = 1 T drops significantly for all Ca+ including samples. For the parent compound 

|ΔSM| = 1.04 J/KgK while for the x = 0.15 sample |ΔSM| = 0.33 J/KgK. The x = 0.25 compound, 

as we saw in the section on hysteresis, ZFC-FC and Arrott plot observation, exhibits peculiar 

magnetization behavior and this directly influences its |ΔSM| values. In μ˳∆H = 1 T it “only” reveals 

|ΔSM| = 0.05 J/KgK.  

 

 

 

 

 

 

 

 

Figure 4.7 Magnetic entropy change vs temperature (-ΔSM vs T) graphs for nano  

La0.7Ba0.3−xCaxMnO3 samples  a) x = 0.15 b) x = 0.2 c) x = 0.1 d) x = 0.25 [172]. 

 

4.2.10 Magnetocaloric effect in polycrystalline and nano-scale 

La0.7Ba0.3−xCaxMnO3  

RCP values for both systems are comparable in strength (except the nano-sample x = 0.25, showing 

lower values). In μ0ΔH = 4 T, the curves for the bulk compounds widen increasing RCP values 

with respect to the parent compound. The values of RCP are presented in the table 4.3.  

Table 4.3 Experimental values for La0.7Ba0.3−xCaxMnO3 bulk and nano materials: magnetic 

measurements [172]. 

Compound  TC (K) 
Ms 

(μB/f.u.) 

Mr 

(μB/f.u.) 
Mr/ Ms 

Hci 

(Oe) 

|ΔSM| 

(J/kgK) 

μ0ΔH = 1 T 

|ΔSM| 

(J/kgK) 

μ0ΔH = 4 T 

RCP (S) 

(J/kg) 

μ0ΔH = 1 T 

RCP (S) 

(J/kg) 

μ0ΔH = 4 T 

La0.7Ba0.3MnO3 (bulk) 340 4.04 0.24 0.06 200 1.33 3.5 53.7 158.4 

La0.7Ba0.15Ca0.15MnO3 308 3.61 0.21 0.06 150 2.04 4.37 38.74 140.43 

La0.7Ba0.1Ca0.2MnO3 279 3.68 0.54 0.15 110 2.29 5.43 41.26 184.69 

La0.7Ba0.05Ca0.25MnO3 261 3.76 0.18 0.05 100 3.66 7.01 40.24 182.37 

La0.7Ba0.3MnO3 (nano) 263 2.79 1.16 0.41 480 1.04 1.37 105.4 130.1 

La0.7Ba0.15Ca0.15MnO3 210 2.55 0.82 0.32 370 0.33 1.31 33.7 144.1 

La0.7Ba0.1Ca0.2MnO3 185 2.39 0.73 0.31 440 0.32 1.28 35.2 153.6 

La0.7Ba0.05Ca0.25MnO3 130  0.21  710 0.05 0.27 6.1 40.5 
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We estimated TEC in ∆TH-C = 5 - 50 K and found that, for polycrystalline compounds, results are 

higher or similar to those for La(0.7-x)EuxBa0.3MnO3 and La(0.7-x)HoxBa0.3MnO3 compounds.  

For the nano-scale compounds, the values of TEC is lower than for the bulk compounds (Figure 

4.8).  
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Figure 4.8 Temperature-averaged entropy change (TEC) for a) polycrystalline 

La0.7Ba0.15Ca0.15MnO3 b) nano-sized La0.7Ba0.15Ca0.15MnO3 

 

Chapter 5. Structural analysis, electrical and magnetic 

properties, magnetoresistance, magnetocaloric effect in 

polycrystalline and nano-sized Pr0.65Sr0.35MnO3 substituted with 

Ca. 

5.1. Introduction 

In this chapter, we will discuss another parent compound - Pr0.65Sr0.35MnO3. Polycrystalline 

compounds Pr1-xSrxMnO3 has been studied before, reporting a variety of structural changes and 

phase transitions Our parent polycrystalline compound Pr0.65Sr0.35MnO3 has been studied and 

reported before by F. Guillou at al in 2012 [74]. Its phase transition, electrical and magnetic 

properties revealed Tc = 295K and second order FM/PM magnetic transition with relatively high 

magnetocaloc effect as well as a metal – insulator transition associated with FM/PM structure. 

Additionally, Ajay Kumar Saw at al, have reported studies on Pr0.67Sr0.33MnO3 assigning it 

magnetic and electrical properties similar to Pr0.65Sr0.35MnO3 and adding structural studies, giving 

it a Pbnm space group [99]. To our knowledge, no investigations have been made on nano-scaled 

Pr0.65Sr0.35MnO3 compounds, leading to us synthesizing and investigating our own.  
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5.3. Results and discussion 

5.3.1 Structural characterization of polycrystalline Pr0.65Sr0.35-xCaxMnO3                   

(x = 0.02, 0.05, 0.1, 0.2, 0.3) 

Rietveld refinement analysis showed best fit results for orthorhombic structure in the space group 

pbnm (62) for all bulk samples. Lattice dimensions and cell volume for x = 0.05 compound are 

larger than for the x = 0.02 compound, against expectations, and then become smaller for every 

subsequent sample. 
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Figure 5.1 X-ray diffraction patterns for Pr0.65Sr0.35⁻xCaxMnO3 polycrystalline samples [183] 

Oxygen stoichiometry investigation, done through Iodometric analysis, uncovered low oxygen 

deficiency for the bulk samples. 

 

5.3.2 Structural characterization of nano-scale Pr0.65Sr0.35⁻xCaxMnO3  

(x = 0.02, 0.05, 0.1, 0.2, 0.3) 

Akin to the polycrystalline samples, no extraordinary additional peaks are observed, as can be seen 

in the figure 5.3. All peaks are generally wider than the peaks for the bulk samples and they belong 

to Orthorhombic reflection planes in the ‘pbnm’ space group. This is confirmed by Rietveld 

refinement analysis. 
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Figure 5.2 X-ray diffraction patterns for Pr0.65Sr0.35⁻xCaxMnO3 nanocrystalline samples [184] 

Calculations of the bond length Mn – O and angle Mn3+ – O – Mn4+ using the results of Rietveld 

refinement, show that the bond length becomes shorter as the substitution grows. Iodometric 

titration performed on the nano-scale particles gave similar results obtained on other systems (table 

5.6), in particular, it revealed modest oxygen excess. All samples exhibit an average oxygen 

stoichiometry of O3.01-3.02 within a reliable error range. 

5.3.3 Electrical properties of polycrystalline Pr0.65Sr0.35-xCaxMnO3 

  

 

 

 

 

 

Figure 5.3 Graphs of resistivity vs. temperature for bulk Pr0.65Sr0.35-xCaxMnO3 samples:            

(a) x = 0.02, (b) x = 0.2, (c) x = 0.3; The inset shows plot of resistivity at higher fields which are 

not visible in the main plot [184]. 
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Measurements of resistivity of the polycrystalline compounds in four-point probe cryogenic 

system uncovered typical CMR behavior for the samples x = 0.02, 0.5, 0.1 and 0.2. We saw that 

samples with lower Ca2+ content exhibit one single peak in resistivity, designated Tp1, associated 

with the dominance of the grain boundaries. Starting with the sample x = 0.1, a higher, sharper 

peak begins to be visible at higher temperatures but it remained beyond the temperature range until 

the x = 0.2 sample. This peak, resulting from the FM-PM transition is higher in resistivity than the 

peak caused by the grain boundaries and exhibits greater magnetoresistance (MR). In addition, the 

peak is shifted to higher temperatures under external field due to lowered spin fluctuations and 

electron localization.  

Resistance for the x = 0.3 bulk sample was beyond detection at temperatures below 80 K in          

μ˳H = 0 T, 1 T. With application of stronger field, 2T, the resistance dropped significantly and was 

within the detection limit of the apparatus. In higher field of μ˳H = 3 T, 4 T, 5 T, the curve lowered 

progressively and shifted to higher temperature range. This behavior indicated that intergrain 

properties are dominant in the sample and the external field aligns the spins promoting electron 

tunneling – behavior characteristic of CMR.  

 

Table 5.1 Experimental values for Pr0.65Sr0.35-xCaxMnO3 bulk materials: electrical properties [184]. 

Compound (Bulk) TC (K) 
TP1 (K) 

(TP2 (K)) 

ρpeak (Ωcm) 

in 0 T  

MRMax (%) 

(1 T) 

MRMax (%) 

(2 T) 

Pr0.65Sr0.33Ca0.02MnO3 273 274 0.285 4.45 11.99 

Pr0.65Sr0.3Ca0.05MnO3 261 273 0.339 12.28 22.75 

Pr0.65Sr0.25Ca0.1MnO3 244 256 (258) 0.199 23.28 33.27 

Pr0.65Sr0.15Ca0.2MnO3 201 210 (217) 0.389 29.08 51.96 

Pr0.65Sr0.05Ca0.3MnO3  - 
>100 × 108  

(72.985 in 5 T) 

77.62  

(between 3 and 4 T) 

99.99  

(between 2 and 3 T) 

 

5.3.4 Magnetic properties of polycrystalline Pr0.65Sr0.35-xCaxMnO3 compounds 

Magnetic measurements in field cooled and zero field cooled (ZFC-FC, μ˳H= 0.05 T) environment 

and temperature range of 4 - 300 K showed typical ferromagnetic curves for all compounds, 

excluding x = 0.3 samples. As expected, samples with higher Ca2+ content exhibited lower Tc than 

the preceding sample. Polycrystalline compounds exhibited high Tc values than their nano-sized 

counterparts. First sample x = 0.02 lowers Tc from 295 K for the parent compound to 273 K. For 

x = 0.2, it is lowered to 201 K. 

X = 0.3 samples exhibits different ZFC-FC curves. It manifests multiple transitions throughout the 

temperature range. At around 210 – 215 K, the sample shows CO transition characterized by 

increase in magnetization (CO-AFM). Further down in temperature, at around 150 - 170 K the 

bulk compound enters a AFM state (CE-AFM). At lower temperatures, the ZFC-FC curves show 
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an increase in magnetization, affiliated with formation of FM clusters among the AFM matrix with 

spin-glass-like behavior.  
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Figure 5.4 ZFC-FC graphs for bulk Pr0.65Sr0.35-xCaxMnO3 samples a) x = 0.02, 0.05, 0.1, 0.2     b) 0.3 

[184]. 

5.3.5  Magnetic properties of nano-scale Pr0.65Sr0.35-xCaxMnO3 compounds 

ZFC-FC curves for nano-scale samples show lower slope at the transition than for the 

polycrystalline compounds, but not as low as for some other nano-scale systems studied in this 

work. This suggests, a larger size (and Curie temperature) distribution. The low temperature 

increase in magnetization observed in the bulk compounds and associated with Pr3+ 

magnetization is not easily visually observable in the nano-compounds.  

The sample x = 0.3, whose ZFC – FC curves are shown in 5.8b, exhibits similar behavior to its bulk 

counterpart. Its CO formation at around 210 K is not as pronounced and the transition to the 

AFM state is not easily distinguishable. Rise in magnetization associated with the formation of 

FM clusters occurs at higher temperatures compared to the bulk sample, at 150 K. There is also 

no visible feature at 35 K caused by spin blocking between FM clusters.  
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Figure 5.5 ZFC-FC graphs for nano Pr0.65Sr0.35-xCaxMnO3 samples a) x = 0.02, 0.05, 0.1, 0.2     b) 

0.3 [184]. 

5.3.6 Critical magnetic behavior of polycrystalline Pr0.65Sr0.35-xCaxMnO3 samples 

 

Table 5.2 Critical exponent values for all Pr0.65Sr0.35-xCaxMnO3 samples from modified Arott plot 

method [184]. 

Compound γ β δ Tc (K) 

x = 0.02 bulk 1.057 0.212 5.986 273 

x = 0.05 bulk 0.981 0.232 5.228 261 

x = 0.1 bulk 0.985 0.25 4.94 244 

x = 0.2 bulk - - - 201 

x = 0.3 bulk - - - - 

x = 0 nano 0.895 0.521 2.72 255 

x= 0.02 nano 0.997 0.508 2.96 252 

x = 0.05 nano 0.962 0.523 2.84 249 

x = 0.1 nano 1.015 0.602 2.68 239 

x = 0.2 nano - - - 191 

x = 0.3 nano - - - - 

Mean field model 1 0.5 3  

3D Heisenberg model 1.366 0.355 4.8  

Ising model 1.24 0.325 4.82  

Tricritical mean field model 1 0.25 5  

 

Arrott plot for the bulk x = 0.3 sample at 150 – 230 K reveals a magnetic ordering change at         

215 K. At 25 K – 125 K, the lines show strong competition between FM and AFM ordering. For 

the x = 0.3 nano-sample, at 170 K to 260 K, the change occurs at 215 K. Arrott plot at low 

temperatures 30 - 130 K, discloses stronger FM presence. 
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For all bulk compounds, critical exponents were discovered to belong to the tricritical mean-free 

model, akin to other polycrystalline samples in this work. For the nano-scale compounds, the 

exponents can claim to belong to mean field model, albeit diverging slightly from the nominal 

values.  

 

5.3.8 Magnetic entropy change in polycrystalline Pr0.65Sr0.35-xCaxMnO3 compounds 

All samples exhibit negative entropy change (−ΔSm) except for both x = 0.3 samples in the            

150 - 230 K range. Polycrystalline compounds show large absolute entropy change |ΔSM|, 

compared to many other manganites. High results were expected based on some reports on the 

entropy change in other Pr3+ and Ca2+ based manganite.  

We investigated ΔSM  for x = 0.3 sample at two different temperature ranges. Illustrated in figure 

5.14e, entropy change is positive at around 200 - 210 K, concurrent with expectations from an CO-

AFM ordering. At slightly higher temperatures, higher than 210 K, entropy change is negative, 

albeit not large, suggesting some PM transition supported by the    ZFC-FC graph. We should also 

note positive ΔSM at around 160K, suggesting the formation of AFM state. Positive entropy change 

is normally not as high as negative entropy change, but it usually occurs at wider temperature range 

and can be implemented in combination with “normal” entropy change material to enhance MCE 

[76, 78, 79, 190].  

From 5.14f, calculations for x = 0.3 at around 35 - 40 K discloses very large ΔSM. At μ0ΔH = 1 T, 

the change is 4.6 J/KgK, and at μ0ΔH = 4 T it is 15.3 J/KgK. Such large ΔSM should make the 

compound as a viable candidate in cryogenics. All values of |ΔSM| in fields μ0ΔH = 1 T, 4 T are 

listed in the table 5.3.  
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Figure 5.6 Magnetic entropy change vs temperature (-ΔSM vs T) graphs for bulk  

Pr0.65Sr0.35-xCaxMnO3 samples.   a) x=0.02 b) x=0.05 c) x=0.1 d) x=0.2 e) x = 0.3 at 205 K  

f) x = 0.3 at 40 K [184] 

 

5.3.9 Magnetic entropy change in nano-scale Pr0.65Sr0.35-xCaxMnO3 compounds 

Nano-scale compounds exhibited lower values of entropy change than bulk compounds but are 

nonetheless equal or even higher than the entropy change found in other manganites.  

Nano x = 0.3 sample exhibits high entropy change at low temperatures of 75 K.  
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Figure 5.7 Magnetic entropy change vs temperature (-ΔSM vs T) graphs for nano-scale 

Pr0.65Sr0.35-xCaxMnO3 samples.   a) x=0.02 b) x=0.05 c) x=0.1 d) x=0.2 e) x = 0.3 at 205 K  

f) x = 0.3 at 75 K [184]. 
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5.3.10 Magnetocaloric effect in polycrystalline and nano-scale  

Pr0.65Sr0.35-xCaxMnO3 

Although there is no report on the exact value of RCP for the bulk parent compound, it is estimated 

to be in 45 J/Kg – 55 J/Kg range in μ0ΔH = 1 T. The bulk x = 0.02 sample exhibits lower RCP but 

subsequent samples increase their RCP.  

Nano-scale compounds make up for their lower values for absolute entropy change by having 

wider temperature range δTFWHM, and so, their RCP values similar to the values of the bulk 

compounds.  

Table 5.3 Experimental values for Pr0.65Sr0.35⁻xCaxMnO3 materials: magnetic measurements [184]. 

Compound  TC (K) Ms (μB/f.u.) 

 

Mr 

(μB/f.u.) 

 

Mr/Ms Hci (Oe) 

|ΔSM|  

(J/kgK) 

μ0ΔH = 1 T 

|ΔSM|  

(J/kgK) 

μ0ΔH = 4 T 

RCP (S)  

(J/kg) 

μ0ΔH = 1 T 

RCP (S)  

(J/kg) 

μ0ΔH = 4 T 

Pr0.65Sr0.35MnO3 (bulk) 

[74] 
295   

  
 2.3    

Pr0.65Sr0.33Ca0.02MnO3 273 3.71 0.33 0.09 180 2.04 5.53 34 166 

Pr0.65Sr0.3Ca0.05MnO3 261 3.78 0.37 0.1 170 2.24 5.56 44 167 

Pr0.65Sr0.25Ca0.1MnO3 244 3.94 0.41 0.1 190 3.03 6.91 45 186 

Pr0.65Sr0.15Ca0.2MnO3 201 3.97 0.28 0.07 160 4.48 9.21 60 270 

Pr0.65Sr0.05Ca0.3MnO3  3.81 0.27 0.7 170 4.6 (40 K) 15.3 (40 K) 92 (40 K) 380 (40 K) 

Pr0.65Sr0.35MnO3 (nano) 255  2.95 1.14 0.39 810 0.54 2.05 24 102 

Pr0.65Sr0.33Ca0.02MnO3 252 3.08 1.11 0.36 720 0.69 2.5 38 175 

Pr0.65Sr0.3Ca0.05MnO3 249 3.16 1.16 0.37 540 0.99 3.25 48 178 

Pr0.65Sr0.25Ca0.1MnO3 239 3.49 1.13 0.32 510 1.41 4.37 39 215 

Pr0.65Sr0.15Ca0.2MnO3 191 3.39 1.07 0.31 620 1.08 3.9 41 185 

Pr0.65Sr0.05Ca0.3MnO3   -   600 1.23(75 K) 5.12(75 K) 48(75 K) 204(75 K) 

 

TEC calculations reveal similar leaders to RCP in cooling potential. Bulk compounds reveal very 

high values.  

Nano-scale samples reveal lower TEC values, but are on par with some bulk compounds found in 

literature and in this work.  

 



 

45 
 

10 20 30 40 50
0

2

4

6

8

10

12

14

16

Pr0.65Sr0.35-xCaxMnO3 bulk
T

E
C

(J
/K

g
K

)

DTH-C

 x=0.02

 x=0.05

 x=0.1

 x=0.2

 x=0.3(40K)

a)

4T

1T

10 20 30 40 50
0

1

2

3

4

5

6

T
E

C
(J

/K
g

K
)

DTH-C

 x=0

 x=0.02

 x=0.05

 x=0.1

 x=0.2

 x=0.3(75K)

Pr0.65Sr0.35-xCaxMnO3 nanob)

4T

1T

 

Figure 5.8. Temperature-averaged entropy change (TEC) vs ∆TH-C for  

a) polycrystalline Pr0.65Sr0.35⁻xCaxMnO3 b) nano-sized Pr0.65Sr0.35⁻xCaxMnO3 [184]. 

 

Chapter 6. Structural analysis, electrical and magnetic 

properties, magnetocaloric effect in polycrystalline and nano-

sized Pr0.65Sr0.35MnO3 substituted with Nd. 

6.1 Introduction 

In this chapter, we will continue the investigation on the parent compound Pr0.65Sr.35MnO3 by 

substitution on the A-site with a smaller ionic size Nd3+ ions (x = 0.05, 0.15, 0.25, 0.35). Nd3+ -ions 

(1.163 Å) are smaller than both Pr3+ (1.179 Å) and Sr2+ (1.31 Å) ions as well as the Ca2+ (1.18 Å) 

ions used for substitution in the previous chapter, thus we expect further change in structural 

properties. Such changes could potentially affect electrical and magnetic properties, including 

lower Tc and increased magnetocaloric effect.   

 

6.2 Results and discussion 

6.2.1 Structural characterization of polycrystalline Pr0.65-xNdxSr0.35MnO3  

(x = 0.05, 0.15, 0.25, 0.35) 

The parent compound’s series Pr0.65-xSrxMnO3 has been studied to exhibit orthorhombic structure 

in “Pbnm” space group symmetry. Polycrystalline samples switched to R-3c symmetry beginning 

with x = 0.15 substitution level. After the change, lattice parameters and cell volume decrease with 
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the increase of smaller Nd3+ ions. The lattice parameters and the cell volume diminish with 

increasing Nd3+ - ion content as they have smaller ionic radius than the Pr3+ - ions. 
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Figure 6.1 a) X-ray diffraction patterns for Pr0.65-xNdxSr.35MnO3 polycrystalline samples            

b) best-fit results using Rietveld refinement method [191]. 

Implementation of Iodometric titration analysis demonstrated oxygen deficiency for all 

polycrystalline compounds, as could be expected based on the results from previous analysis on 

the other systems. An average of O2.94 – 2.97 was calculated with a relative standard deviation not 

exceeding a value of 2, making the results reliable.  

 

6.2.2 Structural characterization of nano-scale Pr0.65-xNdxSr0.35MnO3 compounds 

(x = 0.05, 0.15, 0.25, 0.35) 

X – ray diffraction patterns for nano-scale Pr0.65-xNdxSr0.35MnO3 samples displayed in Figure 6.2a 

exhibit wider peaks than their polycrystalline counterparts based on their smaller crystallite sizes. 

Like with the bulk compounds, there is a slight shift to smaller reflection angles for the x = 0.15 

compound suggesting a structural change. Rietveld refinement analysis confirms a change from 

Orthorhombic for x = 0, 0.05 compounds to Rhombohedral structure for all others. Figure 6.2b 

presents best-fit results from Rietveld analysis showing a good fit for all compounds. 
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Figure 6.2 a) X-ray diffraction patterns for Pr0.65-xNdxSr0.35MnO3 nano-scale samples  

b) best fit results using Rietveld refinement method [191]. 

Iodometric analysis of the Mn3+/Mn4+ ratio demonstrated an excess of Mn4+ ions resulting in an 

oxygen excess in the compound’s stoichiometry. 

 

6.2.3 Electrical properties of polycrystalline Pr0.65-xNdxSr0.35MnO3  
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Figure 6.3 Graphs of resistivity vs. temperature for bulk Pr0.65-xNdxSr0.35MnO3 samples under 

μ0H = 0 T, 1 T and 2 T: (a) x = 0.05, (b) x = 0.35 [191] 

Electrical properties of the polycrystalline samples were in the temperature range 10 – 290 K and 

in external fields μ0H = 0 T, 1 T, 2 T. All samples exhibit typical CMR behavior. Every sample 

exhibited a single peak in the ρ vs T graphs. This peak, Tp1, is associated with magnetic transition 

Tc and with grain boundaries. All values of Tp1 lie below those of Tc. 
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At very low temperatures a very small increase in resistivity is observed after a minimum which 

is attributed to inter and intra-grain effects  

Maximum resistivity ρmax values are larger than those recorded for Pr0.65Sr0.35-xCaxMnO3 

compounds, suggesting larger grain boundary role. MR is negative for all samples.  

 

Table 6.1 Experimental values for bulk Pr0.65-xNdxSr0.35MnO3 materials: electrical properties [191]. 

Compound (Bulk) TC (K) 

 

TP1 (K) 

 

ρpeak (Ωcm) 

in 0 T 

MRMax (%) 

(1 T) 

MRMax (%) 

(2 T) 

Pr0.6Nd0.05Sr0.35MnO3 284 266 0.616 6 12.82 

Pr0.5Nd0.15Sr0.35MnO3 279 261 0.846 6.74 14.54 

Pr0.4Nd0.25Sr0.35MnO3 271 265 1.275 5.88 14.12 

Pr0.3Nd0.35Sr0.35MnO3 268 257 0.734 11.44 20.98 

 

6.2.4 Magnetic properties of polycrystalline Pr0.65-xNdxSr0.35MnO3 compounds 
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Figure 6.4 a) ZFC-FC curves and b) derivative of magnetization for bulk Pr0.65-xNdxSr0.35MnO3 

samples [191]. 

The ZFC-FC magnetization measurements in a field of μ0H = 0.05 T of the bulk samples reveal 

FM/PM transition for all samples. In Figure 6.4a, a sharp drop in magnetization is noted for each 

sample as the samples undergo a transition from FM to PM state. A derivative of the curves shows 

a minimum at the inflection of the magnetization drop and represents Tc. In Figure 6.4b we see 

that the values for Curie temperature drop for higher Nd3+ ions content samples, from 295 K [74] 

for the parent compound, to 284 K for the x = 0.05 sample and to 279 K for the x = 0.15 sample. 

Lowering of Tc is not as drastic as for other compounds in this work, for example for          

Pr0.65Sr0.35-xCaxMnO3 compounds, due to Nd3+ being closer to Pr3+ ionic radius (1.163 Å and    



 

49 
 

1.179 Å in 9 coordination) than Ca2+ to Sr2+ radius (1.18 Å and 1.31 Å). In fact, the difference 

between the Tc values of the samples with x = 0.25 and x = 0.35 is only 3 K. This result means that 

any substitution of the parent compound with Nd+ ions in the range 0 < x < 0.35 will produce 

compounds with near room temperature transition.  

 

6.2.5 Magnetic properties of nano-scale Pr0.65-xNdxSr0.35MnO3 compounds 

Comparing ZFC-FC curves to their bulk counterparts, the first obvious observation to be made is 

that the transition from FM to PM states occurs at a wider temperature range, i.e. the slope is 

lower. Sample x= 0.05 lowers Tc from 255 K for the parent compound to 251 K. The sample x = 

0.15 lowers it further to 246 K, and for x = 0.25 and x = 0.35 showing minimum at 229 K and       

224 K, respectively. 
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Figure 6.5 a) ZFC-FC curves and b) derivative of magnetization for nano-scale                            

Pr0.65-xNdxSr0.35MnO3 samples [191]. 

 

6.2.6 Critical magnetic behavior of polycrystalline Pr0.65-xNdxSr0.35MnO3 samples 

Arrott plots, reveal only second-order magnetic phase transitions for all samples, based on the 

positive slope of the curves. Modified Arrott plot (MAP) method was implemented in order to find 

true critical exponents β, γ and δ. For bulk compounds, samples x = 0.05 and x = 0.15 were found 

to be governed by the tricritical mean field model. For the other two, x = 0.25 and x = 0.35 samples 

the exponent β diverged from the tricritical value of 0.25 and was found to be closer to                      

3D Heisenberg model’s 0.355. For nano-scale compounds, all exponents were found to lie in the 

mean-field model’s values for long-range interactions, just as for all other nano-scale compounds 

under investigation in this study.  
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Table 6.2 Critical exponent values for all samples Pr0.65-xNdxSr0.35MnO3 from modified Arott plot 

method [191]. 

Compound γ β δ Tc (K) 

x = 0.05 bulk 0.99 0.247 5.01 284 

x = 0.15 bulk 0.878 0.297 3.96 279 

x = 0.25 bulk 0.911 0.377 3.42 271 

x = 0.35 bulk 0.993 0.385 3.58 268 

x = 0 nano 0.895 0.521 2.72 255 

x = 0.05 nano 0.905 0.509 2.78 251 

x = 0.15 nano 0.897 0.512 2.75 246 

x = 0.25 nano 0.911 0.503 2.81 229 

x = 0.35 nano 0.915 0.516 2.77 224 

Mean field model 1 0.5 3  

3D Heisenberg model 1.366 0.355 4.8  

Ising model 1.24 0.325 4.82  

Tricritical mean field model 1 0.25 5  

6.2.8 Magnetic entropy change in polycrystalline Pr0.65-xNdxSr0.35MnO3 compounds 
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Figure 6.6 Magnetic entropy change vs temperature (-ΔSM vs T) graphs for bulk                       

Pr0.65-xNdxSr0.35MnO3 samples.   a) x=0.05 b) x=0.15 c) x=0.25 d) x=0.35 [191]. 
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Maximum entropy change occurred at temperatures associated with Tc and is negative for all 

samples (- ∆Sm). Graphs of -∆Sm vs T in μ0ΔH = 1 T, 2 T, 3 T and 4 T reveal higher absolute value 

|ΔSM| for polycrystalline samples with a generally narrower bell shaped curve around Tc.  The 

values for maximum entropy change and are equal or higher than those for other polycrystalline 

compounds undergoing only second order transition, studied in this work or reported in literature. 

Values of entropy change are presented in the Table 6.3.  

6.2.9 Magnetic entropy change in nano-scale Pr0.65-xNdxSr0.35MnO3 compounds 

All samples exhibit negative entropy change with maximum |ΔSM| occurring at temperatures 

close to Tc. The bell-shaped curve is most noticeable in the graph for x = 0.05 sample. The curve 

widens with subsequent substitution, with curves below the peak resembling a straight line with 

some fluctuations for samples x = 0.25 and x = 0.35. These features have been attributed to mixed 

magnetic phases in other studies [158], but most likely this behavior suggests higher anisotropy 

for samples with higher Nd3+ content. Additionally, the curves become sharper with higher 

external fields, as more particles come under the influence of the field. This is in contrast to the 

bulk compounds where the bell-shaped curve tends to widen with higher fields.  
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Figure 6.7 Magnetic entropy change vs temperature (-ΔSM vs T) graphs for nano-scale                    

Pr0.65-xNdxSr0.35MnO3 samples.   a) x=0.05 b) x=0.15 c) x=0.25 d) x=0.35 [191]. 



 

52 
 

6.2.10 Magnetocaloric effect in polycrystalline and nano-scale                                    

Pr0.65-xNdxSr0.35MnO3 compounds 

For the purpose of estimating material’s true cooling potential, we have calculated a couple of 

figures-of-merit, namely Relative cooling power (RCP) and Time-averaged entropy change (TEC). 

All samples exhibit fairly large values of RCP comparable to other investigated systems. Values 

are presented in the Figure 6.3. 

Table 6.3 Experimental values for Pr0.65-xNdxSr0.35MnO3 materials: magnetic measurements [191]. 

Compound 

 

TC 

(K) 

 

Ms 

(μB/f.u.) 

 

Mr 

(μB/f.u.) 

 

Mr/Ms 

 

Hci 

(Oe) 

|ΔSM| 

(J/kgK) 

μ0ΔH = 1 T 

|ΔSM| 

(J/kgK) 

μ0ΔH = 4 T 

RCP (S) 

(J/kg) 

μ0ΔH = 1 T 

RCP (S) 

(J/kg) 

μ0ΔH = 4 T 

Pr0.65Sr0.35MnO3 

(bulk)[74] 
295  

  
 2.3    

Pr0.6Nd0.05Sr0.35MnO3 284 3.83 0.24 0.06 190 1.97 4.87 35 170 

Pr0.5Nd0.15Sr0.35MnO3 279 4.1 0.3 0.07 180 2.17 5.36 39 193 

Pr0.4Nd0.25Sr0.35MnO3 271 4.17 0.49 0.12 210 2.17 5.74 43 189 

Pr0.3Nd0.35Sr0.35MnO3 268 -   - 1.48 4.39 44 197 

Pr0.65Sr0.35MnO3 (nano) 255 2.95 1.14 0.39 810 0.54 2.05 24 102 

Pr0.6Nd0.05Sr0.35MnO3 251 3.07 1.15 0.37 870 0.61 2.18 37 174 

Pr0.5Nd0.15Sr0.35MnO3 246 2.96 1.19 0.4 960 0.67 2.4 37 168 

Pr0.4Nd0.25Sr0.35MnO3 229 2.94 1.13 0.38 860 0.49 1.82 39 164 

Pr0.3Nd0.35Sr0.35MnO3 224 2.97 1.11 0.37 830 0.45 1.74 36 174 

 

In Figure 6.8 we present TEC values for polycrystalline and nano-scale compounds in                   

∆TH-C = 5 – 50 K.  Visual inspection of the plots reveals that bulk compounds show a sharper slope 

between ∆TH-C = 5 K and ∆TH-C = 50 K compared to nano-sized compounds. Additionally, the curve 

for nano-compounds show some local fluctuation – result of fluctuation in their entropy change 

curves. 
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Figure 6.8 Temperature-averaged entropy change (TEC) vs ∆TH-C for  

a) polycrystalline Pr0.65-xNdxSr0.35MnO3 b) nano-sized Pr0.65-xNdxSr0.35MnO3 [191]. 
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7. Conclusions 
 

In this work, we had successfully prepared and investigated a series of polycrystalline and 

nanocrystalline perovskite manganites.  

We had prepared La0.7-xEuxBa0.3MnO3, La0.7-xHoxBa0.3MnO3, and La0.7Ba0.3−xCaxMnO3 based on 

the knowledge that the parent bulk compound La0.7Ba0.3MnO3 shows CMR properties and 

excellent magnetocaloric values at Curie temperature of around 340 K. Inclusion of smaller ions 

at the A-site brought the Tc values lower to the near room temperature values, with high values of 

entropy change. In addition, we prepared and investigated nano-scale compounds for each of the 

aforementioned compounds for their novel physical properties and flexibility in use.  

We had also prepared and investigated Pr0.65Sr0.35-xCaxMnO3 and Pr0.65-xNdxSr0.35MnO3 

polycrystalline and nanocrystalline compounds on the similar idea that the parent bulk compound 

Pr0.65Sr0.35MnO3 possesses interesting electrical and magnetic properties as well as near room 

temperature Tc = 295 K. Inclusion of narrow banded Ca2+ and Nd3+ ions brought on some 

interesting results such as change in structure and in electrical and magnetic properties. Lower 

values of Tc with possibility of finer control were achieved. Large values of entropy change, 

particularly for the samples with first order transitions were observed.  
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