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Perovskite System 
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Increasing energy demands and growing environmental concerns, particularly regarding greenhouse gas 
emissions, make the development of sustainable technological alternatives necessary. Green technologies, 
such as the magnetocaloric cooling system based on the magnetocaloric effect, are promising solutions to 
these challenges. Therefore, it has gathered significant attention from scientists and research groups as a 
strong candidate to replace conventional cooling systems, offering enhanced effectiveness, greener 
technology, and lower production costs. For these purposes, La1.995Pb0.005NiMnO6 double perovskite was 
synthesized by the sol-gel route. The crystal structure was characterized by X-ray Diffraction (XRD) at room 
temperature. Elemental distribution and surface morphology were investigated using Energy-Dispersive X-
ray Spectroscopy (EDS) and Scanning Electron Microscopy (SEM), respectively. Another important property 
is the magnetic behavior of the compound therefore temperature and magnetic field-dependent 
magnetization (M(T) and M(H)) analysis were investigated. From the investigation of the temperature 
dependence magnetization, there was a magnetic phase transition that occurred from the ferromagnetic to 
the paramagnetic phase near 213.34 K. Under 5T magnetic field variation, the maximum magnetic entropy 
change (-SM) was determined and it is 0.23 Jkg-1K-1. According to the results, the compound that was 
investigated can be a candidate for use as a magnetic refrigerant in a low-temperature region. For making a 
valid magnetic cooling system that operates around room temperature, optimization studies are essential 
to be conducted. 

 

1. Introduction

In the light of technological developments, there 
are regions that stay in the shadow of energy needs. 
Energy consumption rates increase year by year 
with technological leaps and population. However, 
this is not the major problem. Climate change and 
ozone depletion, on the other hand, threatened our 
lives and health. To enhance living standards 
sustainably, adjustments to current technologies 
are required. Green technologies can be a good 
candidate for what we are looking for. For instance, 
the cooling systems hold nearly 15% [1] of global 
energy usage. One of the cooling technologies is gas 
compression cooling system which is approaching 
their efficiency limits in terms of efficiency, and 
they are responsible for ozone depletion and global 
warming [2] due to the hydrofluorocarbons (HFCs), 
hydrochlorofluorocarbons (HCFCs) and 
chlorofluorocarbons (CFCs) leakage from system. 
Moreover, the production costs for current 

technology are high [3, 4]. In contrast to 
conventional cooling technology, the 
magnetocaloric refrigeration systems are 
becoming a good candidate for a replacement as 
they are more effective, low in production cost, and 
green technology [4-11]. 

The magnetocaloric refrigeration system is based 
on magnetocaloric effect which can be described as 
a thermal answer while the magnetic sample is 
exposed to external magnetic field. MCE is related 
to change in total magnetic entropy or temperature 
change under adiabatic conditions [5, 11, 12]. The 
variation in alignment of magnetic moments, 
−∆𝑆𝑀

𝑚𝑎𝑥 , occurs around the Curie temperature 
where magnetic material does a magnetic phase 
transition. These factors describe the performance 
of magnetic cooling refrigerants. Scientists have 
studied optimization of magnetic material to 
produce a practical magnetic cooling application. 

File:ORCID iD.svg 
- Wikimedia 
Commons

http://www.jnanosam.com/
mailto:ardakandemir88@gmail.com
https://orcid.org/0000-0002-9439-0366


 
Research Article | DOI: 10.5281/zenodo.15704585 
www.jnanosam.com  

 

J.NanoSci.Adv.Mater. 2025, 4 (1), 25 

One of them is finding the required temperature 
value where the material does a phase transition 
from FM to PM phase. Another optimization study 
is achieving a high −∆𝑆𝑀

𝑚𝑎𝑥  value on that required 
temperature. For these objectives some studies 
were carried out on new compound families [6, 7, 
9, 13-15]. In MC systems, Gadolinium (Gd) and 
gadolinium included alloys and compounds are the 
top classes [16] due to their MCE performance. In 
addition to these materials, Ni-Mn-Sn, Mn-As, La-
Fe-Si, and Mn-P compounds are also valid material 
groups due to their MCE performance. However, 
their toxicity, irreversible cooling cycle and high-
cost [17-19] push scientists to seek for new 
compound classes. According to this perspective, 
manganite perovskites represent a promising 
material family as they are chemically stable, 
exhibit a reversible cooling cycle, and are lower in 
cost over intermetallic alloys. [7, 9, 13, 20-25]. 
These features make manganite perovskite a 
possible magnetic cooling application. 

The structural diversity in the manganite 
perovskite family due to the versatility of the 
elements from the periodic table can alter the 
physical features. The chemical representation of 
manganite perovskites is R1-xAxMnO3 (R = rare 
earth, and A = alkaline earth). Furthermore, double 
perovskite manganite structure is a new chapter in 
the literature. Their formula can be denoted as 
RxA1-xB1-xTM2O6 (R = rare earth, A&B = alkaline 
earth, and TM = Transition Metal). The notable low-
temperature cooling performance of this material 
family makes scientists interested in further 
studies into this material structure. [26-28].  

Furthermore, La2NiMnO6 is an example that is 
one of a rare-earth based double perovskite 
manganite, and it is a significant and 
multifunctional material due to its interesting 
structural and physical features [29-31]. The 
La2NiMnO6 sample was synthesized in different 
forms, such as single crystals, bulk polycrystals, 
nanoparticles, and thin films [29-31]. This La based 
material was studied according to different 
functional features such as magnetoresistance, 
magneto-capacitance, magneto-dielectric, and 
magnetocaloric features [29-31]. It is also used as a 
magnetic semiconductor and has become 
interested due to its potential in spintronic devices, 
such as magnetic memories and magnetodielectric 
capacitors [32]. 

Improving the magnetic phase transition 
temperature in this new perovskite manganite 
family may allow their use in practical cooling 
technologies. The studies with Pb substitution in 
the A-site of the perovskite structure from the 
literature show that it enhances the magnetic phase 
transition temperature that occurs around room 
temperature [33, 34].  

Under these circumstances, the effects of Pb 
substitution on the magnetic and magnetocaloric 
features of La1.995Pb0.005NiMnO6 were investigated. 

2. Results and Discussion 

The XRD patterns of the compound were 
recorded at room temperature, and it is given in 
Figure 1. The crystallographic structure refined by 
using the Rietveld’s refinement method [35] in the 
Fullprof software [36] and the structural 
parameters that refined are summarized in Table 1. 
The graph of XRD points out that the sample 
successfully crystallized. The compound crystals in 
a rhombohedral structure (space group R3̅𝑐). 
Experimental results and the theoretical model 
used in the Rietveld refinement method are well 
matched, which can be seen from the convergence 
factor (𝜒2) value. For the formation of the crystal 
structure, the average ionic radius of the A-site 
(⟨𝑟A⟩) is an important parameter which can be 
calculated by arithmetic mean of the A-site ions’ 
ionic radius. This parameter affects the distortion 
level of the perovskite structure.  

The Goldschmidt tolerance factor is a parameter 
that points out the change in the A and B site of the 
crystal structure according to ions that are used 
and ionic radius of them. To determine the 
tolerance factor, the provided equation down 
below is used: 

 

𝑡G =
⟨𝑟A⟩ + 𝑟O

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

 
where ⟨𝑟A⟩, 𝑟𝑂 , and 𝑟𝐵  are the notations of the 
average A-site ionic radius, the ionic radius of 
oxygen ion, and the ionic radius of Mn and Ni ion, 
respectively. For the ionic radius value of Ni3+, the 
low spin value was chosen from the effective ionic 
radius table [37]. From Table 1, the tolerance factor 
value is close to 1.00. This means the perovskite 
crystal structure for this compound is around the 
level of the ideal crystal structure. As there is a gap 
between the ideal and the crystal structure of the 
compound that is studied, it may be concluded that 
there is a distortion in the crystal structure. This 
distortion is notable because even small deviations 
from an ideal cubic structure can influence bond 
lengths and angles, thereby affecting electron 
hopping and eventually adjusting the material's 
electronic and magnetic features. 

Besides the distortion level, the size mismatch 
effect coefficient (σ2) is another factor which is 
important for the crystal structure. It indicates the 
dislocation in the A-site, and it can be calculated by 
using the equation below: 
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Figure 1. XRD Patterns of LPNM-5. 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. 

𝜎2 = ∑ 𝑥𝑖𝑟𝑖
2 − 〈𝑟𝐴〉2

𝑖                                               (2) 

 

 
where xi, ri, and 〈𝑟𝐴〉 are the notations of 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. This value shows the degree of 
disorder in the A-site which can impact the bond 
angle and bond length of the compound. A change 
in these parameters can also affect electron 
scattering. The less electron scattering occurs due 
to lower value of σ2 in the crystal structure. The less 
electron scattering can enhance the sample’s 
electronic features and the conduction [38, 39].  

In addition to structural parameters, the 
crystallite size (D) is another parameter which can 
affect the magnetic features and can be determined 
by the Debye-Scherrer equation [40, 41]: 

 

𝐷 =
𝜅𝜆

𝛽cos𝜃
    (3) 

 
where 𝜅, 𝜆, and β denotes 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.  

It is notable that the role of the eg electron 
bandwidth (W) is also important for understanding 
the electronic and magnetic features of the 
substituted manganites. The equation for W is: 

 

𝑊 = cos
(

1
2

[𝜋 − ⟨Ni/Mn–O–Ni/Mn⟩])

⟨𝑅Ni/Mn–O⟩3.5
    (4) 

where the  and 𝑅 denotes the bond angle and bond 
length, respectively. In magnetic materials, the W 
value has an impact on metallic and 
ferromagnetism performance. The higher value of 
W is associated with higher Curie temperature, 
metal-insulator transition temperatures, and lower 
resistivity (). The eg electron bandwidth and t 
parameter which is a measure of the inter-site 
hopping interaction of eg electrons, are directly 
proportional to each other. The movement of the d 
electrons between neighboring B-sites is 
responsible for this phenomenon. This 
phenomenon occurs due to the d electrons’ motion 
among neighbor ions in the B-site. The motion of d 
electrons is known as super-transfer and it occurs 
through the oxygen (O) 2p orbitals [42]. Comparing 
the current compound with our previous studies 
from Table 1, the LPNM-5 compound has slightly 
broader W due to the larger average bond angle 
and shorter average bond length according to 
Equation (4). In the light of these changes, it results 
in a broader bandwidth which can affect the 
magnetic nature of the compound such as double-
exchange mechanism. 

According to Table 1, the volume parameter 
values of each sample with Pb are greater than the 
parent compound and this implies that the 
distortion occurred. Due to this distortion, the bond 
angle and the bond length of the samples with Pb 
content affected and larger than the parent 
compound’s values which can impact the TC values 
of the compounds. 

Besides the structural features of the compound, 
morphological properties and elemental 
abundance were also conducted by using SEM and 
EDS analysis. These analysis illustrations were 
united and shown in Figure 2. From SEM images of 
the sample, the grain boundaries are noticeable and 
the presence of liquid phase [43] can induce grain 
agglomeration which can affect the physical 
characteristics of the sample, especially the 
magnetic behavior. The shape of grains is different 
sized polygonal with a high degree of homogeneity. 
The EDS analysis indicates that the stoichiometry of 
the compound is persevered during the sample 
preparation and heat treatment. EDS spectrum has 
only La, Pb, Ni, Mn, and O elements’ signals that 
points out there is no contamination. Considering 
EDS results, the sample production of the 
perovskite successfully achieved avoiding any 
contamination or elemental ratio change. 

From the SEM micrograph, the size of the grains 
was found using ImageJ software. For this process, 
one hundred grains were chosen randomly with 
observable boundaries. The bar chart of the grain 
size distribution of the sample is given in the inset 
of Figure 2. The mean value of the grain size is 0.42 
µm for the compound according to the bar chart. 
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The magnetic and magnetocaloric characteristics 
of a compound are major components of the crystal 
structure as well as structural and morphological 
aspects. The temperature dependent 
magnetization M(T) and inverse susceptibility 
graphs are combined with dual y -axis and given in 
Figure 3. The magnetization curve values are given 
on the left y-axis while the inverse susceptibility 
values are given on the right y-axis. Moreover, the 
temperature dependence of derivatives of the 
magnetization (dM/dT – T) of the compound is 
given inset of Figure 3. The M(T) values measured 
under 250 Oe external magnetic field in both zero-
field-cooled (ZFC) and field-cooled (FC) modes. The 
reduction in magnetization with respect to 
temperature rise represents a phase transition 
from ferromagnetism to paramagnetism. The 
bifurcation point, where FC and ZFC curves diverge 
indicates the magnetic phase transition 
temperature known as the Curie temperature. 
Furthermore, derivatives of magnetization with 
respect to temperature show the magnetic phase 
transition temperature in the inset of Figure 3 and 
the value of the Curie temperature (TC) is given in 
Table 2. Below TC, the compound displays 
irreversible magnetic behavior between ZFC and 
FC modes. It can be defined by several factors such 
as magnetic anisotropy, domain wall pinning effect, 
canted spins [44-47]. The gap between FC and ZFC 
cusps is in the low temperature region can be 
linked to the blocking temperature which indicate 
the presence of spin-cluster and metastable or 
spin-glass-like states [48, 49]. Above TC region, the 
graph of the inverse susceptibility diverges from 
the fitted line which is known as the Curie-Weiss 
law. It is given in Figure 3 as a red arrow. The 
reason behind the divergence can be related to the 
Griffiths phase [50]. The change of a ferromagnet 
with the lack of magnetic ions which are in a 
magnetically ordered state can appear at a 
temperature that is lower than the ideal system. In 
this case, the Griffiths phase appears due to the 
ferromagnetic clusters in the paramagnetic matrix 
[51]. It is consistent with in the literature on 
disordered magnetic systems for the double 
perovskite structures [52]. The Curie-Weiss law is 
related with susceptibility and the temperature in 
the compound and the relation can be given as: 

 

𝜒 =  
𝐶

𝑇 − 𝜃
   (5) 

 
where C, and 𝜃 denote the Curie constant and the 
paramagnetic curie temperature, respectively. The 
mathematical formula of the C value can be 
calculated by: 
 

𝐶 =  
𝑁𝜇𝑒𝑓𝑓

2 𝜇𝐵
2

3𝑘
 (6) 

where N, 𝜇𝑒𝑓𝑓 , 𝜇𝐵, and kB denote, Avogadro’s 

number, the effective magnetic moment, the Bohr 
magneton, and Boltzmann constant, respectively. 
Using the slope of the temperature dependent 
inverse susceptibility graph in the Curie-Weiss 
Law, the 𝜇𝑒𝑓𝑓 parameter was determined and 

tabulated in Table 2 [22, 53]. 
The effective magnetic moment value of the 

LPNM-5 is lower than the LPNM-001 
(La1.99Pb0.01NiMnO6) sample but larger than the 
parent compound according to our previous 
studies. The gap between the two samples can be 
expressed as the super exchange mechanism is 
more dominant in the LPNM-5 sample, raising its 
antiferromagnetic feature. As the double exchange 
mechanism is less dominant, it affects the 
ferromagnetic nature of the sample and causes a 
reduction in the Curie temperature and magnetic 
entropy change value, which can be seen in Table 2. 
From this perspective, it also shows how the 
substitution amount impacts on the sample’s 
magnetic nature. 

The spontaneous magnetization of a sample is a 
result of the external magnetic field. In the 
isothermal magnetization analysis, the sample was 
exposed to varying external magnetic fields which 
were from 0-5 T during the magnetic phase 
transition temperature region for understanding 
how it affects. The spontaneous magnetization is 
given in Figure 4. Between each consecutive 
isothermal curve in M(H) graph is a 4 K 
temperature gap. According to the M(H) graph, 
magnetization is rising rapidly with respect to a 
small applied magnetic field at low temperature 
region. With increasing applied magnetic field, the 
magnetization exhibits an increment, yet it doesn’t 
reach saturation. The short-range FM interactions, 
nonuniform magnetic properties, and the 
appearance of the FM clusters in the compound 
might restrict saturation [54]. Above TC, the 
magnetization curves become almost linear which 
means that the paramagnetism feature of the 
compound is established by the random alignment 
of the magnetic moments because of thermal 
energy. According to these features, the compound 
undergoes a magnetic phase transition from the FM 
to PM phase. 

In addition to M(T) and M(H) analysis, the 
magnetic entropy change (-SM) is another major 
aspect that demonstrates the alteration in disorder 
in the orientation of magnetic moments. For 
determining magnetic entropy change, following 
equation was used: 

 

−∆𝑆𝑀 = ∆𝑆𝑀(𝑇, 𝐻) − ∆𝑆𝑀(𝑇, 0) = ∫ (
𝜕𝑆

𝜕𝐻
)𝑇𝑑𝐻

𝐻

0

 (7) 
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and using Maxwell's thermodynamic relation, 
 

(
𝜕𝑀

𝜕𝑇
)

𝐻
=  (

𝜕𝑆

𝜕𝐻
)

𝑇
 (8) 

 
the equation can be expressed as: 
 

−∆𝑆𝑀 = ∫ (
𝜕𝑀

𝜕𝑇
)

𝐻

0 𝐻

𝑑𝑇 (9) 

 
As the data from the study is discrete, the integral 
calculation can be employed for (9): 
 
 

−∆𝑆𝑀 =  ∑
𝑀𝑖 − 𝑀𝑖+1

𝑇𝑖+1 − 𝑇𝑖
𝑖 𝐻

∆𝐻𝑖  (10) 

 
Using these equations to obtain -SM (T) values, the 
area under consecutive isothermal magnetization 
curves in M(H) was calculated and illustrated in 
Figure 5. The maximum magnetic entropy change 
value is obtained from Figure 5 and given in Table 
2. There are factors affecting to obtain -SM value of 
a compound [21]. One parameter is how the 
magnetic moments align in the sample. Another 
one is the double exchange interaction that is 
important for the ferromagnetic properties of a 
material. The double exchange interaction strongly 
impacts the orientation of magnetic moments in the 
sample. 

Another important parameter affecting the 
magnetocaloric effect of a material is the relative 
cooling power (RCP). It can be obtained from 
−∆𝑆𝑀(𝑇) curves by using the equation below:  
 

𝑅𝐶𝑃 =  −∆𝑆𝑀
𝑚𝑎𝑥𝑥 𝛿𝑇𝐹𝑊𝐻𝑀 (11) 

 
where 𝛿𝑇𝐹𝑊𝐻𝑀  denotes the full width at the half 
maximum of the −∆𝑆𝑀(𝑇) curve. The RCP shows 
the material’s ability to transfer heat between hot 
and cold reservoirs in the ideal thermodynamic 
cycle of magnetocaloric applications. As the -SM 
graph couldn’t achieve Gaussian distribution, the 
value of the RCP couldn't be determined for this 
study and for this reason the value of RCP is 
tabulated as N/A in Table 2. The necessary 
temperature values fall outside the range of the 
PPMS equipment. 

The magnetic phase transition order is another 
key aspect when it comes to deciding the proper 
material for magnetic refrigeration application. The 
materials exhibit first-order magnetic phase 
transition have high thermal and magnetic 
hysteresis which are unwanted properties. The 
compounds with a second-order magnetic phase 
transition on the other hand, have a smaller 

hysteresis and that is why they are considered as 
candidates to be a refrigerant in magnetic 
refrigeration technology. To classify the order of 
the magnetic phase transition, the Banerjee's 
criterion [55] was applied to Arrott graph which is 
given in Figure 6. According to criteria, the negative 
slope of curves represents the material has a first-
order magnetic phase transition whereas the 
positive slope of curves denotes the material has a 
first-order magnetic phase transition. The sample 
undergoes a second-order magnetic phase 
transition due to the positive slope of curves. This 
feature of the compound is associated with a 
reversible MCE that improves the compound 
practical usage. 

 

 
Figure 2. Analysis of SEM, EDS, and Grain Size 
Distribution for LPNM-5. 

 
Figure 3. The magnetization measurement with FC 
and ZFC modes and the inverse susceptibility 
determined with respect to the temperature for 
LPNM-5. 
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Figure 4. Applied magnetic field dependence of the 
magnetization curves measured at various 
temperatures near critical point (TC) in steps of 4 K 
for LPNM-5. 

 

 
Figure 5. The magnetic entropy change with 
temperature (-SM(T)) for LPNM-5. 

 

 

Figure 6. Arrott graph for LPNM-5. 

3. Conclusion 

The magnetic and magnetocaloric features of 
La1.995Pb0.005NiMnO6 were investigated in terms of 
Pb substitution. To produce the sample the sol-gel 
technique was used. 

XRD analysis results show that the compound’s 
crystal structure is rhombohedral with the 𝑅 3̅ 𝑐 
space group. 

According to M(T) and M(H) magnetic 
measurements, the sample undergoes a magnetic 
phase transition from FM to PM. The Curie 
temperature values were observed at 213.34 K 
from M(T) analysis. The magnetic entropy change 
was calculated using the isothermal magnetization 
curves and it was found as 0.23 Jkg-1K-1 under the 5 
T external magnetic field. Furthermore, the order of 
magnetic phase transition from FM to PM was the 
second order that was achieved from the Arrott 
graph. 

From these aspects, the investigated compound 
is appropriate for magnetic refrigeration systems 
which operate at low temperature levels. While this 
material shows potential for the low-temperature 
region, the trend of magnetocaloric technology 
suggests the development of materials suitable for 
room-temperature applications. For that reason, 
further optimization studies are essential to 
advance the development of such materials for 
practical magnetic refrigeration systems. These 
optimization studies need to focus on tuning the 
magnetic entropy change and shifting the magnetic 
phase transition temperature would be required to 
potentially adapt such materials for practical 
magnetic cooling applications closer to the 
required conditions, thereby expanding their 
benefit. 

Method 

To achieve polycrystalline La1.995Pb0.005NiMnO6 
double perovskite manganite, the sol-gel 
production route was used. The compound was 
labeled as LPNM-5. With proper 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% purity, Bostonchem) 
were used and mixed using appropriate pure water 
for each starting chemical content to achieve 
aqueous solutions. Next, they were mixed to have a 
single solution. Forming a sol-gel, the reagent and 
solvent chemicals selected as citric acid 
monohydrate (CAS Number: 5949-29-1, Aldrich) 
and ethylene glycol (≥99% purity, Aldrich), 
respectively. The total metal ions to citric acid 
molar ratio of 1:5 was used. The heating was kept 
constant at 300 oC while the stirring process 
continued to achieve a dry gel form. To remove 
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organic residues and promote the formation of 
metal oxides, the dried gel was combusted at 550 oC 
in air for an hour. The calcination process follows 
the burning process at 600°C for six hours in air 
with an 8°C per minute heating and cooling rates. 
To obtain uniform mixture, grinding and mixing 
process applied by using mortar grinder (Retsch 
RM 200) for ten minutes with 6 repeats. The 
resulting powder was then pressed into pellets by 
using a hydraulic press (Maassen MP 250) under 5 
tons pressure. The last step of the sample 
production is sintering which was conducted in the 
air at 1000°C for 24 hours. The heating and cooling 
rates in the sintering were the same as the 
calcination process. 

After all production steps were completed, the 
final compound was investigated in Çukurova 
University Central Research Laboratory 
(ÇÜMERLAB) for all measurements, analysis, and 
techniques. For characterization of the crystal 
structure and the phase purity of the compound, 
the X-ray diffraction (XRD) with CuKα radiation (λ 
= 1.5406 Å) conducted at room temperature. The 
2 range that was scanned in the XRD is between 
10 and 90 degrees. For this scanning range, 2.5 
degrees scanned per minute with a 0.013 step size. 

The data collected from XRD analysis were 
investigated by using the X’Pert High Score Plus 
software, Fullprof fitting software, and the Rietveld 
refinement method.  

To understand the morphological and elemental 
abundance of the compound, the Scanning Electron 
Microscope (SEM) analysis and Energy Dispersive 
X-Ray Spectroscopy (EDS) were performed, 
respectively. 

To examine the magnetic nature of the 
compound such as temperature dependence M(T) 
and field dependence M(H) features, the Vibration 
Sample Magnetometer (VSM) equipped with a 
Physical Properties Measurement System (PPMS) 
was utilized. In M(T) measurement zero-field-
cooled (ZFC) and field-cooled (FC) modes were 
applied, and the operation temperature range of 
each mode was between 10 K to 350 K. In ZFC 
mode, the compound was cooled down to 10 K 
without any external magnetic field. After achieving 
the magnetic phase transition temperature from 
ferromagnetism to paramagnetism, the isothermal 
magnetization measurements conducted under 
varying external magnetic field from 0 to 5 T to 
determine the magnetic entropy change. 
 

 
Table 1. The structural parameters of La2NiMnO6 [56], LPNM-5, and LPNM-001 [57] compounds. 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 mismatch effect coefficient (𝜎2), the bandwidth (W), and 
convergence factor 𝜒2 values for the compounds. 

Structural Parameters La2NiMnO6 LPNM-5 LPNM-001 

a (Å) 5.4743 5.4932 5.49992 

b (Å) 5.4743 5.4932 5.49992 

c (Å) 13.2607 13.283 13.2417 

V (Å3) 344.1534 347.1184 346.8863 

Crystal Structure Rhombohedral Rhombohedral Rhombohedral 

Space Group 𝑅 3̅ 𝑐 𝑅 3̅ 𝑐 𝑅 3̅ 𝑐 

tf N/A 0.9947 1.0009 

<rA> (Å) N/A 1.353 1.3425 

<Ni/Mn-O-Ni/Mn> (°) 156.13 167.5173 160.7158 

<dNi/Mn-O> (Å) 1.92861 1.9538 1.9582 

D (nm) 21.74 15.6464 27.4326 

𝝈𝟐 (Å2) N/A 0.000441 0.000919 

W N/A 0.095362 0.093831 

𝝌𝟐 3.97 2.62 4.57 

Reference [56] Current Work [57] 
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Table 2. The magnetic and magnetocaloric parameters for La2NiMnO6 [56], LPNM-5, and LPNM-001 [57] 
compounds. 

Sample TC (K) eff (mB) -SM (J kg-1K-1) RCP (J kg-1) Reference 

La2NiMnO6 200 1.75 0.21 46.2 [56] 

LPNM-5 213.34 2.34 0.23 N/A Current Work 

LPNM-001 223.73 10.4 0.56 79.3 [57] 
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