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ABSTRACT 

Providing energy demands while caring for the environment and dealing with a decrease in natural energy resources are 

major challenges of our time. The greenhouse gas emissions worsen the situation in terms of health risks and put pressure 

on scientists to urgently seek solutions. As green technologies offer hopeful solutions to these demanding problems, they 

are getting attention. Refrigeration's noteworthy energy consumption makes it a prime target for efficiency developments 

compared to other technologies. To address concerns about energy consumption, researchers are exploring improvements 

in conventional cooling technologies. Magnetic cooling systems impress with their energy efficiency, affordability, and 

green technology, making them strong candidates for replacing current cooling systems. Research on MC emphasizes the 

importance of selecting coolants with high magnetic entropy. These materials experience a larger temperature variation 

under a low external magnetic field, making them more efficient. Magnetic refrigeration holds great potential, but research 

efforts continue to optimize the materials for even better performance, as shown by the literature. Growing on current 

research, this study analyses the characteristic features of La1.96Pb0.04NiMnO6 double perovskite material. The sol-gel 

technique was used to synthesize the compound, followed by X-ray Diffraction analysis at room temperature to determine 

its crystal structure. Additionally, we used Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy 

to investigate the compound's morphology and elemental composition. Temperature-dependent magnetization and mag-

netic field-dependent magnetization analyses were taken to investigate the magnetic behavior of the compound. Temper-

ature-dependent magnetization analysis revealed that a magnetic phase transition from the ferromagnetic to the paramag-

netic state around 121.43 K and under a 5 T magnetic field change, the magnetic entropy change was calculated to be 

0.28 Jkg-1K-1. The results of this study, particularly the phase transition temperature and magnetic entropy change values, 

offer valuable insights into the potential of our sample as a candidate for magnetic refrigeration. Further optimization of 

these parameters could solidify its candidacy. 
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1. INTRODUCTION 

Technological advancements, while improving our com-

fort, present challenges due to increased energy demands 

and greenhouse gas emissions. This necessitates urgent 

solutions to protect human health. In response to these 

challenges, society must explore sustainable solutions. 

Green technologies with high efficiency are emerging as 

a promising answer, with the potential to significantly 

lighten these problems. Due to their high energy consump-

tion rates, refrigeration systems present a main target for 

efficiency improvements compared to other technologies. 

They are responsible for approximately 15% (1) of global 
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energy use. The enhancement is becoming necessary in 

these systems due to rising energy demands. Additionally, 

the current cooling technology has negative impacts such 

as harmful effects, high costs, low efficiency (2, 3) and 

these impacts should be resolved. In contrast to these lim-

itations, the alternative technology, magnetic cooling sys-

tem, offers greener, cheaper, and more effective (4-6). 

From this aspect, the magnetic cooling system which de-

pends on magnetocaloric effect (MCE) is having the at-

tention of scientists and their research groups as this alter-

native system offers a potential solution to the current 

problems mentioned above. 

The MCE is a fascinating phenomenon where magnetic 

materials exhibit temperature changes in response to a 

varying magnetic field. This temperature change is a key 

property of these materials and can be quantified by meas-

uring either the adiabatic temperature change or the total 

magnetic entropy change (4, 6, 7). MCE is the main factor 

of the MC technology and provides cost reduction, en-

hancement in efficiency, and environmentally friendly 

compared to the conventional cooling technology (3-5, 8-

11). A critical parameter for MCE is the material’s 

−∆𝑆𝑀
𝑚𝑎𝑥 , which is the result of the magnetic moment 

alignment changes of the material and the temperature of 

its magnetic phase transition. Materials with a large 

−∆𝑆𝑀
𝑚𝑎𝑥 are specifically necessary for magnetic refriger-

ation. To achieve highly efficient magnetic refrigeration 

systems with improved MCE performance, researchers 

are actively exploring various material classes (5, 8, 10, 

12-14). The top value of the MCE (15) was achieved by 

using Gadolinium (Gd) and its alloys/compounds. More-

over, other types of material families have high MCE too 

and these are the alloys of La-Fe-Si, Ni–Mn–Sn, Mn-As, 

and Mn-P based materials. Despite their high MCE val-

ues, these material classes challenge high cost, potential 

toxicity, and irreversible cooling cycle (16-18).  In con-

trast, manganite perovskites offer a promising alternative. 

These materials have several advantages such as chemi-

cally stable, cost-effective to produce, and exhibit reversi-

ble cooling cycles (5, 10, 12, 19-23). These features make 

them a good candidate for practical refrigeration applica-

tions. 

The variation in the perovskite manganite structure, along 

with the usability of many elements in the periodic table, 

contributes to a variety of physical properties. The general 

formula representation of perovskite is R1-xAxMnO3 where 

R, and A represent rare and alkaline earth elements, re-

spectively. The less explored subclass of perovskite man-

ganites is double perovskite and can be represented with 

another formula as RxA1-xBxTM2O6 where R is the rare 

earth elements, A and B are alkaline earth elements, and 

TM represents transition metals. R2BMnO6 (B for Ni, Co) 

is also double perovskites which receive attention for us-

ability as a refrigeration application for low temperature 

due to their huge cooling capacity (24-26). Contrary to 

their huge cooling capacity, their phase transition 

temperature value is low. With appropriate improvements 

they can be considered an application that works at high 

temperatures. Using Pb substitution at the A-site of perov-

skite manganites may contribute to increase in TC around 

room temperature (27, 28).  

Motivated by the aforementioned, this study investigated 

the effects of Pb substitution on structure, magnetic, and 

magnetocaloric features of La1.96Pb0.04NiMnO6 double 

perovskite manganite system. 

2. MATERIALS AND METHODS 

For the production of the polycrystalline 

La1.96Pb0.04NiMnO6 double perovskite manganite the sol-

gel method has been selected and the sample labeled as 

LPNM-004. Using appropriate stoichiometric quantities 

of 𝐿𝑎(𝑁𝑂3)3 ∙ 6𝐻2𝑂  (99.999% purity, Aldrich), 

𝑃𝑏(𝑁𝑂3)2 (≥99.5% purity, Aldrich), 𝑁𝑖(𝑁𝑂3)2 ∙ 6𝐻2𝑂 

(99% purity, Merck) and 𝑀𝑛(𝑁𝑂3)2 ∙ 𝑥𝐻2𝑂 (99.9% pu-

rity, Bostonchem) were well mixed with proper pure water 

separately to form aqueous solutions. Once all aqueous so-

lutions were ready, a single solution was obtained by mix-

ing them together. For sol-gel technique, the solution was 

prepared using the citric acid monohydrate (CAS Number: 

5949-29-1, Aldrich) as a reagent and ethylene glycol 

(≥99% purity, Aldrich) as the solvent. The solution was 

continuously stirred at 300 oC, until a dry gel was formed. 

To remove organic material and obtain metal oxides, two-

step process has been followed. First, the dry gel was 

burned in air at 550 oC for one hour. Afterward calcination 

was performed at 600°C in air for six hours. For achieving 

a homogeneous mixture, the resulting compound was sub-

jected to grinding and mixing process in a Retsch RM 200 

mortar grinder for 10 minutes with six repeats. The pow-

der mixture was then pressed into pellets using a hydraulic 

press (Maassen MP 250). Finally, the pellets were sintered 

at 1000°C in air for 24 hours and then allowed to cool 

down to room temperature. 

The crystal structure and phase purity of the sample was 

investigated using X-ray diffraction (XRD) with CuKα ra-

diation (λ = 1.5406 Å) at room temperature. The XRD pat-

tern of the sample was examined using the X’Pert High 

Score Plus software, Fullprof fitting software, and the 

Rietveld refinement method. The SEM analysis was per-

formed to reveal the structural morphological features of 

the sample.  Energy Dispersive X-Ray Spectroscopy 

(EDS) is another essential analysis that is used for expos-

ing the elemental composition and their features of the 

sample. The elemental composition of the sample was an-

alyzed using Energy-Dispersive X-Ray Spectroscopy 

(EDS). This technique identifies the elements present and 

their relative abundances in the sample. 

The magnetic properties (M(T) for temperature depend-

ence and M(H) for field dependence) of the sample was 

measured using a Vibration Sample Magnetometer 

(VSM) within a Physical Properties Measurement System 
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(PPMS). M(T) was measured in both zero field cooled 

(ZFC) and field cooled (FC) modes from 10 K to 350 K 

temperature range. The sample was cooled down to 10 K 

for ZFC mode without applying any magnetic field. This 

study utilized Çukurova University Central Research La-

boratory (ÇÜMERLAB) for all measurements, analysis, 

and techniques. 

3. Results and Discussion  

The crystallographic structure of the sample was re-

searched with XRD analysis, and the data of this analysis 

has been collected at room temperature. Using Fullprof 

software (29), the Rietveld’s refinement method (30) has 

been utilized to get the structural result. The graphical 

view of the result is shown in Figure 1 for LPNM-004 

compound. Besides the graph of the result, the parameters 

of the structure achieved by the refinement analysis can be 

seen in Table 1. 

 
 
Figure 1. XRD Patterns of LPNM-004. The black circle, 
red line, blue line, and green bars represent the observed 
data, calculated data, differences between observed and 
calculated data, and Bragg positions respectively. 

According to XRD patterns and peaks in Figure 1, crys-

tallization has occurred for the sample. The convergence 

factor (𝜒2) value from Rietveld refinement method im-

plies that the theoretical model and the experimental result 

are consistent with each other. From the analysis, it is seen 

that the crystal structure of the compound is rhombohedral 

with R3̅𝑐 space group. One of the important factors for 

the crystal structure is the average ionic radius of the A-

site (⟨𝑟A⟩). It is an arithmetic mean of the ions’ ionic ra-

dius where they are settled in the A-site of the perovskite 

crystal structure. The stability and the distortion degree in 

perovskite structure can be provided by using this param-

eter. 
Another important factor, the Goldschmidt tolerance fac-
tor, can tell how the crystal structure changes by the ions 

and their radius in the A and B site. The equation to cal-
culate this parameter is: 

𝑡G =
⟨𝑟A⟩ + 𝑟O

√2(⟨𝑟B⟩ + 𝑟O)
= 1 (𝑖𝑑𝑒𝑎𝑙 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒) (1) 

where ⟨𝑟A⟩ , 𝑟𝑂 , and 𝑟𝐵  represent the average A-site 

ionic radius, the ionic radius of oxygen ion, and the ionic 

radius of Mn and Ni ion, respectively. The low spin value 

of the ionic radius of Ni3+ is selected from the effective 

ionic radius table ionic radius table (31). The tolerance 

factor of the sample is close to unity, which means the 

crystal structure of this perovskite sample is near the ideal 

crystal structure form. On the other hand, the tolerance 

factor value shows that there is a distortion in this crystal 

structure as the value is not 1.00. 
Table 1. The structural parameters of LPNM-004 com-
pound. The lattice parameters of the structure (a, b, c, and 
unit cell volume (V)), the crystal structures with space 
groups, tolerance factor (tf), average ionic radius of the A-
site, average bond angle of Ni/Mn-O-Ni/Mn, average 
bond length of Ni/Mn-O, crystallite size (D), size mis-
match effect coefficient (𝜎2), the bandwidth (W), and con-
vergence factor 𝜒2 values for the compound. 

Structural Parameters LPNM-004 

a (Å) 5.49714 

b (Å) 5.49714 

c (Å) 13.2845 

V (Å3) 347.6558 

Crystal Structure Rhombohedral 

Space Group 𝑅 3̅ 𝑐 

tf 0.9968 

<rA> (Å) 1.3495 

<Ni/Mn-O-Ni/Mn> (°) 162.4434 

<dNi/Mn-O> (Å) 1.9489 

D (nm) 18.8074 

𝝈𝟐 (Å2) 0.000625 

W 0.095620 

𝝌𝟐 3.21 

The size mismatch effect coefficient (σ2) is another 

crucial aspect of the crystal structure, and it gives infor-

mation about the dislocation in the A-site as it is the alter-

ation of the ionic distribution of the A-site. To calculate 

(σ2), the equation down below is used: 
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𝜎2 = ∑ 𝑥𝑖𝑟𝑖
2 − 〈𝑟𝐴〉2

𝑖

 (2) 

where xi, ri, and 〈𝑟𝐴〉 denote the fractional occupancy of 

the ith ion in the A-site, the ionic radii of the corresponding 

ion in the A-site, and the average ionic radius of the A-

site, respectively. The lower the value in the σ2, the less 

electron scatter is in the crystal structure which can help 

to improve the electronic properties and the conduction of 

the compound (32, 33). 

Furthermore, other key factor influencing in the magnetic 

properties is the crystallite size (D) which can be calcu-

lated by the Debye-Scherrer equation (34, 35): 

𝐷 =
𝜅𝜆

𝛽cos𝜃
 

 

(3) 

where 𝜅, 𝜆, and β symbolize the crystallite shape factor 

(0.94 for each sample), the wavelength of the x-ray (λCu-

Kα = 1.5406 Å), and the peak full width at half maximum 

at the observed peak angle θ (in radians), respectively.  

Worth noting is the role of the eg electron bandwidth (W) 

in understanding the magnetic and electronic properties of 

the substituted manganites. The formula for W is given 

by: 

𝑊 = cos (
1

2
[𝜋 − ⟨Ni/Mn–O–Ni/Mn⟩]) ⟨𝑅Ni/Mn–O⟩3.5⁄  (4) 

where the  and 𝑅 represents the bond angle and bond 

length, respectively. W has a stronger influence on ferro-

magnetism and metallic behavior in magnetic materials. 

Materials with higher W tend to have higher Curie tem-

perature, metal-insulator transition temperatures, and 

lower resistivity (). W exhibits proportionality to the t 

parameter, which quantifies the inter-site hopping interac-

tion of the eg electrons. This effect is caused by the move-

ment of d electrons between neighboring B-sites. This 

movement, called super-transfer, involves the electrons 

occupying oxygen (O) 2p orbitals (36).  

The SEM and EDS analysis has been carried out to under-

stand the morphological and elemental features of the 

sample. The SEM micrograph and EDS spectra graph of 

the sample have been combined and given in Figure 2.  

According to SEM micrograph, polygonal shapes with 

different sizes are available and the grain structural shapes 

are homogeneous with a high percentage.  

 
Figure 2. Analysis of SEM and EDS for LPNM-004. 

The grain boundaries are visible and few liquid phase fea-

tures (37) in the structure can induce grain agglomeration, 

potentially impacting the physical properties of the com-

pound, particularly their magnetic behavior. 

For understanding the elemental composition of the sam-

ple, EDS spectra has been used and the EDS analysis re-

vealed that stoichiometry is maintained throughout the 

preparation and heat treatment of the sample which means 

there is no change in the elemental ratios compared to the 

starting elements. In addition to stoichiometry, EDS anal-

ysis shows that there is no impurity in the sample. This is 

clear evidence that the sample has been produced success-

fully without involving any unwanted elements. 
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Figure 3. The magnetization measurement with FC and 
ZFC modes and the inverse susceptibility determined with 
respect to the temperature for LPNM-004. 

The magnetic and magnetocaloric features of the sample 

are as important as the crystal structure. For the magnetic 

behavior of the compound, the graph of the temperature-

dependent magnetization curves and the inverse suscepti-

bility for the sample are shown on a graph with dual Y-

axes in Figure 3. The left axis represents the magnetiza-

tion values M(T) measured in both FC and ZFC modes. 

Both modes worked under 25 mT applied magnetic field. 

Magnetization gradually decreases with increasing tem-

perature, indicating a Ferromagnetic (FM) to the Para-

magnetic (PM) phase transition. Below the Curie temper-

ature, the sample shows reversible magnetic behavior in 

FC and ZFC measurements. This reversibility might be 

due to a combination of factors like canted spins, domain 

wall pinning effect, and magnetic anisotropy (38-41). The 

Curie temperature value can be determined by the point 

where the FC and ZFC magnetization curves split each 

other as it is known as the magnetic phase transition tem-

perature. Additionally, the magnetic phase transition tem-

perature can be observed in the inset to Figure 3 (dM/dT - 

T graph) and its numerical value is tabulated in Table 2. 
For the low-temperature section, maximum split and 
cusps were observed and it can be related to the blocking 
temperature (42, 43). This may point out the spin-cluster 
metastable or spin-glass-like states. Above TC value, the 
inverse susceptibility versus temperature graph in Figure 
3 (right axis) demonstrates approximately linear and can 
be fitted to Curie-Weiss law. 

Table 2. The magnetic and magnetocaloric parameters for 
LPNM-004 and some studied samples from literature. 

Sample Ref. 
CT 

(K) 

eff  

)B( 

MS- 

)1-K1-(J kg 

RCP 

)1-K1-(J kg 

LPNM-004 C.W 121.43 11.71 0.28 N/A 

0.1Pb0.9)0.1Dy0.9(La

3MnO 
(27) 172 N/A 0.74 ~50 

0.2Pb0.8)0.1Dy0.9(La

3MnO 
(27) 249 N/A 1.1 ~50 

0.3Pb0.7)0.1Dy0.9(La

3MnO 
(27) 322 N/A 1.06 ~50 

6O2Mn0.1Pb0.9PrSr (28 ) 274 3.79 0.34 241 

6O2Mn0.1Pb0.9PrSr (28 ) 282 3.90 0.32 311 

6O2Mn0.1Pb0.9PrSr (28 ) 286 4.09 0.42 246 

*C.W Current Work 

The Curie-Weiss law relation can be given as: 

𝜒 =  
𝐶

𝑇 − 𝜃
 (5) 

where C, and 𝜃 parameters represent, the Curie constant 

and the paramagnetic curie temperature, respectively. The 

mathematical expression of the C value can be calculated 

by: 

𝐶 =  
𝑁𝜇𝑒𝑓𝑓

2 𝜇𝐵
2

3𝑘
 (6) 

where N, 𝜇𝑒𝑓𝑓, 𝜇𝐵, kB express, Avogadro’s number, the 

effective magnetic moment, the Bohr magneton, and 

Boltzmann constant, respectively. The effective magnetic 

moment value was determined using the Curie-Weiss Law 

and the slope obtained from the M-T graph in Figure 3. 

The 𝜇𝑒𝑓𝑓 value is given in Table 2 (21, 44).  

A key consequence of the applied field is the spontaneous 

magnetization of the compound. Isothermal magnetiza-

tion, M(H), was measured for the compound up to a mag-

netic field of 5 T in the phase transition temperature zone 

to quantify this effect. The graphical representation of the 

spontaneous magnetization is given in Figure 4. The tem-

perature difference between each consecutive isothermal 

M(H) curve is 4 K. 

When analyzing the M(H) curves, it is observed that the 

spontaneous magnetization increases significantly upon 

application of a small magnetic field at low temperatures 

which is below Tc. As the magnetic field is further in-

creased, it continues to increase the magnetization level, 

but it doesn’t reach saturation. 

 
Figure 4. Applied magnetic field dependence of the mag-
netization curves measured at various temperatures near 
critical point (TC) in steps of 4 K for LPNM-004 

The limitations in reaching saturation could be attributed 

to short-range FM interactions, inhomogeneity in the 

magnetic features, and the presence of FM clusters within 

the material (45). Beyond the TC, the material exhibits 

roughly linear behavior in the magnetization curves, indi-

cating its paramagnetic nature caused by the random ori-

entation of magnetic moments due to thermal energy. 

Based on the properties observed in the M(H) analysis, the 

sample displays a transition from the FM to PM phase. 
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Another key aspect of the magnetocaloric effect is the 

magnetic entropy change (-SM), which represents the 

change in disorder or randomness within the arrangement 

of magnetic moments. With -SM, we can measure a mag-

netocaloric material's cooling potential and it can be cal-

culated using equations: 

−∆𝑆𝑀 = ∆𝑆𝑀(𝑇, 𝐻) −  ∆𝑆𝑀(𝑇, 0) = ∫ (
𝜕𝑆

𝜕𝐻
)𝑇𝑑𝐻

𝐻

0

 (8) 

From Maxwell's thermodynamic relation, 

(
𝜕𝑀

𝜕𝑇
)

𝐻
=  (

𝜕𝑆

𝜕𝐻
)

𝑇
 (9) 

The equation can be represented as: 

−∆𝑆𝑀 = ∫ (
𝜕𝑀

𝜕𝑇
)

𝐻

0 𝐻

𝑑𝑇 (10) 

Since the experimental data is discrete, the integral calcu-

lation can be employed to (9): 

−∆𝑆𝑀 =  ∑
𝑀𝑖 − 𝑀𝑖+1

𝑇𝑖+1 − 𝑇𝑖
𝑖 𝐻

∆𝐻𝑖 (11) 

The area under consecutive isothermal magnetization 

curves from M(H) was used to determine the -SM (T) val-

ues using the provided equations. The calculated values 

were presented visually in Figure 5 and numerically in Ta-

ble 2. 

 
Figure 5. The magnetic entropy change with temperature 

(-SM(T)) for LPNM-004. 

A number of elements can play a role in determining the -

SM value of a sample (20). One important factor that can 

affect -SM value of a sample is the double exchange in-

teraction, which is crucial for the material's ferromagnetic 

features. The -SM value of a compound depends on sev-

eral factors, one of which is how strongly its magnetic mo-

ment alignment. This alignment for ferromagnetism is 

heavily influenced by the double exchange interaction. 

By using −∆𝑆𝑀(𝑇) curves, the Relative cooling power 

(RCP) of the sample can be determined. The RCP value 

reflects how well the material can transfer the heat, mak-

ing it a critical parameter for evaluating its MCE. The 

RCP value can be calculated using the equation down be-

low:  

𝑅𝐶𝑃 =  −∆𝑆𝑀
𝑚𝑎𝑥𝑥 𝛿𝑇𝐹𝑊𝐻𝑀  (12) 

where 𝛿𝑇𝐹𝑊𝐻𝑀 is the full width at the half maximum of 

the −∆𝑆𝑀(𝑇) curve. RCP measures how much heat a 

material can move between hot and cold storages in an 

ideal thermodynamic cycle of magnetocaloric applica-

tions. The RCP value for studied sample is given as N/A 

in Table 2. Since the -SM graph in Figure 5 doesn't follow 

a complete Gaussian distribution, the RCP value couldn't 

be determined for this compound. This is because the re-

quired temperature range falls outside the range of the 

PPMS equipment. 

 
Figure 6. Arrott graph for LPNM-004. 

Determining the suitability of a material for magnetic re-

frigeration also relies on the magnetic phase transition or-

der. Materials with a first-order transition exhibit high 

thermal and magnetic hysteresis, making them less desir-

able. Conversely, materials with a second-order transition 

demonstrate smaller hysteresis and are better candidates. 

Banerjee's criterion (46), analyzed through the Arrott plot 

shown in Figure 6, helps us identify the phase transition 

order.  

By analyzing the slopes of the curves in Figure 6, we can 

determine the material's magnetic phase transition order. 

A negative slope indicates a first-order magnetic transi-

tion, while a positive slope suggests a second-order mag-

netic transition. The positive slopes in Figure 6 show a 

second-order magnetic transition for the compound. This 

is advantageous for magnetic refrigeration since it corre-

sponds to a reversible MCE, making the material more 

suitable for practical applications. 

4. CONCLUSION 

The magnetic, magnetocaloric and the structural proper-

ties of the LPNM-004 double perovskite compound have 

been studied and sol-gel technique was selected to pro-

duce the compound. According to XRD analysis results, 

the compound has rhombohedral crystal structure with a 
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𝑅 3̅ 𝑐 symmetry without any impurity phase. From mag-

netic measurements (M(T) and M(H)), the compound ex-

hibits magnetic phase transition from FM to PM and the 

TC value is 121.43 K. Using isothermal magnetization 

curves the -SM were calculated, and its value found as 

0.28 Jkg-1K-1 under the 5 T applied magnetic field. Addi-

tionally, the Arrott graph revealed a second-order mag-

netic phase transition from FM to PM at TC. In the light of 

the results given above suggests that the produced sample 

is suitable for magnetic cooling systems operating at low-

temperature values. For developing an efficient magneto-

caloric refrigeration system for room temperature applica-

tions and achieve the level of the results in the literature, 

more research is essential to modify the composition and 

enhance the -SM value while shifting the phase transition 

temperature to around room temperature value. 
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