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Abstract 

In present study, the effects of copper substitution on the magnetic and magnetocaloric 

properties of La0.7Sr0.3Mn1-xCuxO3 manganite samples were investigated. La0.7Sr0.3Mn1-xCuxO3 

samples were obtained by using sol-gel method. X-ray diffraction analyses were performed to 

determine structural properties such as lattice parameters and crystal structure. The crystal 

structure of the samples is rhombohedral with space group	𝑅3𝑐. The Cu substitution to the Mn-

site causes a decrease in the magnetic phase transition temperature (TC) of the samples. By using 

Banerjee criterion and Landau theory, the type of magnetic phase transition is determined as 

second order. From isothermal magnetization measurements, magnetic entropy change (-∆𝑆() 

values were calculated for different magnetic field changes of the samples. The maximum 

magnetic entropy change value (-∆𝑆(*+,) determined from the temperature dependence of  -∆𝑆( 

curves for the samples is 3.39 and 2.78 JKg-1K-1 under 5 T, respectively. Relative cooling power 

(RCP) values of the samples were found as 249.52 and 111.98 Jkg-1 for 5 T, respectively. 
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Mn Bölgesine Bakır Katkılamasının La0.7Sr0.3Mn1-xCuxO3 Manganitlerinin Manyetik ve 

Manyetokalorik Özellikleri Üzerindeki Etkileri 

Öz 

Bu çalışmada, Cu katkılamasının La0.7Sr0.3Mn1-xCuxO3 manganit numunelerinin manyetik 

ve manyetokalorik özelliklerine etkileri incelenmiştir. La0.7Sr0.3Mn1-xCuxO3 numuneleri sol-jel 

tekniği kullanılarak elde edilmiştir. Örgü parametreleri ve kristal yapı gibi yapısal parametreleri 

belirlemek için x-ışını kırınım analizleri yapılmıştır. Numunelerin kristal yapısı, 𝑅3𝑐 uzay grubu 

ile rombohedraldir. Mn bölgesindeki Cu katkılamasının manyetik faz geçiş sıcaklığını (TC) 

düşürdüğü gözlenmiştir. Banerjee kriteri ve Landau teorisi kullanılarak manyetik faz geçişinin 

türü ikinci dereceden olarak belirlenmiştir. İzotermal manyetizasyon ölçümlerinden numunelerin 

farklı manyetik alan değişimleri için manyetik entropi değişimi (-∆S() değerleri hesaplanmıştır. 

Sıcaklığa bağlı -∆𝑆( eğrilerinden belirlenen maksimum manyetik entropi değişim 

(-∆𝑆(*+,)	değeri 5 T altında örnekler için sırasıyla 3.39 ve 2.78 Jkg-1K-1’ dir. Örneklerin bağıl 

soğutma gücü (RCP) değerleri 5 T için sırasıyla 249.52 ve 111.98 Jkg-1 olarak bulunmuştur. 

Anahtar Kelimeler: Manyetik soğutma; Manyetik entropi değişimi; Curie sıcaklığı; 

Manganit; Landau teorisi. 

1. Introduction 

Developed and developing societies need various technologies in every field in order to 

raise their living standards and reach the level of comfort. One of the technologies widely used in 

almost every time of human life, including before and after, is cooling technologies [1]. 
Conventional cooling systems used today are technologies based on the principle of compression 

of gases with known negative effects on environment [2]. Many efforts have been carried out to 

reduce the negative effects of the gases used as refrigerants in these systems on the environment 

and to make improvements [3]. In addition to environmental factors, it is imperative to take the 

necessary steps to increase the energy efficiency of these systems, where energy consumption is 

high [4]. Efforts to reduce environmental impacts and energy consumption are not easy and 

inexpensive. Therefore, there is a need to develop and design new systems that can replace these 

systems [5]. Recently, intensive studies have been performed on magnetic refrigeration (MR) 

systems, which are accepted as an alternative technology to conventional systems [1, 2, 6]. 

Various MR systems have been developed; however, commercial use of these systems has not 
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yet been fully achieved. The most important reason for this is the problems encountered in the 

supply of materials to be used as cooling elements in these systems.  The main purpose of studies 

performed for MR technologies is to find the best candidate material that can be used as a cooling 

element in applications of these systems operating according to the magnetocaloric effect (MCE) 

principle [7-10]. MCE can basically be explained as when a magnetic field is subjected to a 

magnetic material, the change in the entropy and temperature of the material [11]. For a 

magnetocaloric material to be considered as a candidate cooling material for applications, the 

material must meet certain criteria [12]. First, the magnetic entropy and adiabatic temperature 

change values, which define the magnetocaloric properties of the material, should be high enough 

to provide high performance under a low magnetic field and operating temperature range. Second, 

magnetic hysteresis related to the working efficiency of the material should be  close to zero [13]. 

Thermal and magnetic hysteresis are associated with the magnetic phase transition type [13, 14]. 

The samples showing a first-order magnetic phase transition (FOMT) have large hysteresis, and 

the transition occurs in a narrow temperature range [15]. For the second-order magnetic phase 

transition (SOMT), the hysteresis is negligibly small and the transition is usually spread over a 

broad temperature range [16, 17]. This indicates that the RCP, defined as the amount of energy 

per unit mass of the magnetocaloric material, can be high [18]. In the operating temperature range, 

magnetocaloric materials with high RCP have a higher potential to be used as coolants in 

applications. In addition to the mentioned physical properties, the materials should meet certain 

economic and environmental   merit such as low cost of raw material and synthesizing and not 

including poisonous or carcinogenic elements [13]. Although many material groups with high 

magnetic entropy and adiabatic temperature values have been discovered around room 

temperature, many of them exhibit properties that hinder their commercial use [13, 17, 19]. 

Manganites formulated with R1-xMxMnO3 have critical advantages such as high chemical 

stability, low cost of preparation and raw materials and SOMT [13]. There are many studies 

describing the properties of manganites in detail and based on these studies [13, 20], it can be said 

that La1-xSrxMnO3 is one of the commonly studied compound systems in term of magnetic and 

magnetocaloric properties among manganite compounds [20, 21] for various applications such as 

MR and magnetic hyperthermia [22]. It is known that the magnetic and magnetocaloric properties 

of manganites are explained by double exchange interaction between Mn ions [20]. There are 

several factors that affect the physical properties of manganites; the Mn3+/Mn4+ ratio, the average 

ionic radius of the A and/or B -site, oxygen deficiency, doping rate and the method chosen in 

material preparation are among the most important factors [23, 24]. Based on the information 

attained from the literature, in our present work, Cu substitution was made in Mn-site in order to 

bring the transition temperature to room temperature in the LaSrMnO3 system. Sol-gel method 
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was chosen as the material preparation method because of its various advantages [25]. The effects 

of Cu substitution on the magnetic and magnetocaloric properties were investigated. To compare 

the results obtained by Maxwell relation, we calculated the		−∆𝑆( of the samples by using Landau 

theory. The type of magnetic phase transition was determined by Banerjee criteria and Landau 

parameters.  

2. Materials and Methods 

To obtained targeted La0.7Sr0.3Mn1-xCuxO3 (x = 0.05 and 0.1) manganite compounds, 

La(NO3)3.6H2O, SrO, CuO and Mn(NO3)2.4H2O starting materials were used. Sol-gel method was 

chosen as material production method. The starting compounds were weighed according to 

stoichiometric ratios and brought into solution form using suitable solvents. The mixture obtained 

by mixing the solutions was heated in a magnetic stirrer and stirred continuously. Ethylene glycol 

and citric acid were added to the mixture to obtain a gel form. The processes of the sol-gel material 

fabrication technique used to prepare the La0.7Sr0.3Mn1-xCuxO3 (x = 0.05 and 0.1) compounds are 

given in Fig. 1. We have used a similar material fabrication process in our previous study [26]. 

The obtained samples were named as LSMC-0.05 and LSMC-0.10, respectively, depending on 

the Cu concentration. To determine the structural, magnetic and magnetocaloric properties of the 

samples, X-Ray Diffraction (XRD), scanning electron microscopy (SEM), and physical property 

measurement system (PPMS) were used. XRD measurements of the samples were performed by 

a Philips PANalytical Empyrean x-ray diffraction meter at room temperature in 0.0131 degree 

increments over the range of 20 and 80. The crystal structures, lattice parameters and unit cell 

volume of the samples were analyzed with the Fullprof Programme. The grain size and elemental 

analysis of the samples were studied with a Scanning Electron Microscope (SEM) including 

Energy Dispersive X-Ray Spectrometry (EDS). In order to determine the transition temperature 

of the samples, temperature-dependent magnetization measurements were performed under 10 

mT in zero field cooled (ZFC) and field cooled (FC) modes in the temperature range of 5-380 K. 
The isothermal magnetization measurements dependent magnetic field were carried out around 

the transition temperatures of the samples up to the field value of 5 T. By using the data obtained 

from isothermal magnetization measurements, the -∆𝑆(  values of the samples and the type of 

magnetic phase transition were determined. In addition, -∆𝑆( value and magnetic phase transition 

type were determined according to Landau theory. Obtained experimental and theoretical results 

were compared with each other. 
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Figure 1: Processes of sol-gel material production technique used to prepare La0.7Sr0.3Mn1-xCuxO3 (x = 
0.05 and 0.1) compounds 

 

3. Results and Discussion 

Figure 2 shows the XRD diffraction patterns of the compounds. It is seen from the XRD 

diffraction patterns of the samples the narrow-based and sharp diffraction peaks belonging to 

perovskite structure. The diffraction patterns of the samples have been analyzed in FullProof 

programs. In the figures, red circle and black line represent the observed and calculated data, 

respectively. The blue line is difference between them.  Green vertical bars show Bragg position. 

The crystal structure and lattice parameters obtained from the end of analysis for the samples are 

indicated in Table 1. It is observed that a small change was observed in the lattice parameters and 

unit cell volume values with the increase of Cu concentration. However, no change has been 

observed in crystal structure. The perovskite structure is stable at certain values of the tolerance 

factor given by [27, 28] 

 𝑡 = 	 12314
5 167314

	                                                                                                                 (1)                                                                                                           

equation where rA and rMn, are the effective radii of the A and Mn site, respectively. rO represents 

the effective radii of the O ions. When t values are between 0.96 and 1, it can be said that the 

crystal structure is rhombohedral [27]. The t values of the samples were computed by taking into 

account Shannon's list of effective ion radii [29]. This value changes from 0.9798 to 0.9806 for  
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Figure 2: XRD patterns of the samples (a) LSMC-0.05 and (b) LSMC-0.10 

LSMC-0.05 and LSMC-0.10, respectively. These values confirm that they crystallize in 

rhombohedral crystal structures.                                                                                                
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Table 1: Lattice parameter obtained from FULLPROF program and grain size of LSMC-0.05 and LSMC-
0.10 samples 

 

In Figure 3, SEM images of the LSMC-0.05 and LSMC-0.10 samples are given. For Cu 

doped samples, different polygonal grain structures of different sizes, definite grain boundaries 

and mostly oval-like are seen.  It is observed that the shape and size of the grains are not 

homogeneous and there is porosity between the grains. For the LSMC-0.05 sample, the size of 

the particles varies from 0.20 to 1.94 µm and the average particle size was calculated as 0.645 

µm. From SEM images of LSMC-0.10 sample, it is seen that the clarity of the grain boundaries 

deteriorates. The size of the grains varied between 0.153 and 2.02 µm and the average particle 

size was calculated as 0.469 µm. It is observed that the grain size of the samples decreased with 

the increase of Cu concentration. The observed decrement in grain size may cause a variation in 

magnetic and magnetocaloric properties. 

 

 

 

 

 

Sample Code a=b (Å) c(Å) V(Å3) dMn-O (Å) θMn-O-Mn (°) Grain Size (µm) 

LSMC-0.05 5.5073 13.3659 351.0815 1.9498 175.662 0.65 

LSMC-0.10 5.5015 13.3449 349.7915 1.9505   175.654 0.47 
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Figure 3: SEM images obtained at 20 kX magnifications of the samples (a) LSMC-0.05 and (b) LSMC-
0.10 

 

Figure 4 shows the EDS spectra of the samples. It is observed that the samples contain all 

expected elements and there are no traces of foreign elements that may interfere with the 

compound during the preparation and heat treatment process. The atomic percentages of the 

elements that compose the samples are summarized in Table 2. The obtained results are close to 

the   expected atomic ratios for all samples. 



Çetin	et	al.	(2022),	ADYU	J	SCI,	12(1),	142-161	
	

150 
 

 
 

 
Figure 4: EDS spectra of LSMC-0.05 and LSMC-0.10 samples 

 

Table 2: Atomic percentages of LSMC-0.05 and LSMC-0.10 samples 

Sample Code 
Atomic percentages % 

La Sr Mn Cu O 

LSMC-0.05 15.07 4.96 19.61 0.68 59.05 

LSMC-0.10 15.29 5.51 19.73 1.47 58.01 

 

To investigate the magnetic behavior dependent on temperature of the samples, 

magnetization measurements under low magnetic field (10 mT) were carried out in ZFC and FC 

modes. Thermomagnetic curves of the samples are given in Fig. 5. The M(T) curves of the samples 

exhibit a transition from the ferromagnetic (FM) to the paramagnetic (PM) phase with the increase 

in temperature. It is seen that ZFC and FC curves are reversible in the paramagnetic region and  
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Figure 5: M (T) curves of the samples (a) LSMC-0.05 and (b) LSMC-0.10 at ZFC and FC modes 

 

follow an irreversible path by separating from each other in the ferromagnetic region. This 

separation between the ZFC and FC curves may arise from magnetic anisotropy effect and long-

range magnetic interactions [30]. TC is generally determined from the inflection point of the 

dM(T)/d(T) curve. TC values of LSMC-0.05 and LSMC-0.10 samples are 330 and 301 K, 

respectively. In our previous study, the TC value of the LSM sample synthesized using the same 

material preparation method was reported as 363 K [26]. It was observed that the transition 
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temperature decreased when Cu was added to Mn-site. The ratio of Mn4+/ Mn3+ ions was 

calculated as 0.58 and 0.80 for LSMC-0.05 and LSMC-0.10 materials, respectively.  According 

to the results, it was observed that the number of Mn4+ increases with the increasing of Cu ratio. 

This results in decreasing the number of conduction electrons in the structure and TC decreases.  

It is known that the change in Mn-O-Mn bond angle and Mn-O bond length causes a change in 

TC value [31, 32]. For LSMC-0.05 and LSMC-0.10 samples, Mn-O-Mn bond angle and Mn-O 

bond length were determined from Rietveld refinement and given in Table 1. The Cu substitution 

to Mn-site induces a distortion in Mn-octahedra. This distortion limits the mobility of eg electrons 

[33]. As a result, double exchange interactions weaken and TC reduces [32, 34]. The magnetic and 

magnetocaloric properties are also affected by the grain size of the samples as the smaller grain 

sizes may generate a strain that can disrupt the long-range FM order at the grain boundaries [35]. 

As mentioned above, the grain size of the samples decreased and the grain boundaries deteriorated 

with Cu substitution. This result supports the observed decrease in TC.  

In order to examine the magnetization behavior of the samples against the magnetic field, 

to calculate the magnetic entropy change values and to determine the type of magnetic phase 

transition, magnetization measurements were carried out depending on the magnetic field. 

Measurements have been performed below and above TC of the samples in 4 K increments. The 

magnetic field has been applied to the samples up to field value of 5 T.  The M(H) curves are 

given in Fig. 6. It is seen that the M(H) curves reach saturation rapidly when a low magnetic field 

is applied in the low temperature region. The M(H) curves of the samples show a linear variation 

characteristic of the PM state at temperatures above the TC.  
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Figure 6: M(H) curves of the samples (a) LSMC-0.05 and (b) LSMC-0.10 

 

The kind of the magnetic phase transition is quite important for MR applications. The 

samples exhibiting FOMT show large	−	∆𝑆𝑀 [13]. However, they have large hysteresis (magnetic 

and thermal), which affects the cooling efficiency and reversibility of a magnetic refrigerant [13]. 

Therefore, these group materials are not suitable for application. Compared to FOMT, materials 

showing SOMT have higher potential for use in applications since their thermal and magnetic 

hysteresis are negligible [16, 17]. The transition takes place over a wider temperature range than 
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another.  For the reasons mentioned above, it is important to specify the type of magnetic phase 

transition.  For identifying the type of magnetic phase transition, Banerjee criterion is generally 

used and Arrott plots are obtained from M(H) measurements. [36]. Banerjee's criterion says that 

if the Arrott plots have a positive slope around TC, the type of the magnetic phase transition is 

second order. Otherwise, it is first order. We have obtained the Arrott plots as given in Fig. 7. 

Around TC, LSMC-0.05 and LSMC-0.10 samples have a positive slope. As a result, one can say 

that transition is second order.  

 

 
Figure 7: Arrott plot of the samples (a) LSMC-0.05 and (b) LSMC-0.10 
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−∆𝑆(	 which is one of the components of MCE is calculated from M(H) curves. Depending 

on Maxwell’s relations and using numerical approximation, it can be practically written as follows 

[14]; 

−∆𝑆( 𝐻, 𝑇 = (<=(<>?
@<>?=@<

∆𝐻A.                                                                                          (2) 

Mi and Mi+1 parameters given in the equation are the magnetization values at Ti and Ti+1 

temperature, respectively. The −∆𝑆(	values corresponding to each temperature value of the 

samples were calculated. Figure 8 shows −∆𝑆( 𝑇 	curves describing the temperature dependence 

of −∆𝑆(. The curves show a maximum peak defining maximum magnetic entropy change 

(−∆𝑆(*+,) near TC. The value of −∆𝑆(*+, for the samples has shown an increment with the 

increasing magnetic field. This is related to the increase in the number of magnetic moments 

oriented with the applied magnetic field [37].  It can be seen that the location of −∆𝑆(*+, peak is 

almost constant and does not show magnetic field dependency. This is observed when the Curie 

temperature is not dependent on the magnetic field. Otherwise, shifts are observed in the peak 

position [38]. The −∆𝑆(*+, values of LSMC-0.05 and LSMC-0.10 samples were calculated as 

3.39 and 2.78 Jkg-1K-1 under 5 T magnetic fields, respectively. It has been observed that the 

substitution of Cu to Mn-site causes a decrease in −∆𝑆(*+, values, as in TC. It is possible to say 

that this decrease is related to the decrease of conduction electrons in the structure. Relative 

cooling power (RCP), called as magnetic cooling efficiency, and is another important parameter 

for the technological applications of MR systems. Its value can be calculated by the following 

equation [2]; 

RCP = −∆𝑆(*+, ×δ𝑇HIJ(                                                                                            (3) 

where δ𝑇HIJ( is the full width at half maximum of the magnetic entropy curves. For LSMC-

0.05 and LSMC-010 samples RCP values were calculated as 249.52 and 111.98 Jkg-1, 

respectively. RCP value has decreased with increasing of Cu concentration.   
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Figure 8: −∆𝑆((T) of the samples (a) LSMC-0.05 and (b) LSMC-0.10 

 

The state equation of a magnetic system can be written based on the energy minimization 

as given following [39]:  

J
(
= 𝑎 𝑇 + 𝑏 𝑇 𝑀5 + 𝑐 𝑇 𝑀N                                                                                       (4) 

In the equation, there is a physical meaning of a, b, and c terms called Landau coefficients which 

change with temperature. First, the term a is related to magnetic susceptibility and is used to 

determine TC [32].  The term b is related to the order of magnetic phase transition. At TC, if term 

b has a positive slope, it is second order [40]. The term c is a constant. The temperature dependent 
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variation of a, b and c terms is given in Fig. 9 for LSMC-0.05 and LSMC-0.10 samples. As seen 

from figures, term b has positive value and it confirms that the order of transition is second order. 

 

      
Figure 9: The temperature dependent variation of a, b and c terms for (a) LSMC-0.05 and (b) LSMC-0.10 

 

The −∆𝑆(		can be theoretically calculated from following equation [39] 

−∆𝑆( = OP
O@ J

= Q
5
𝑎R 𝑇 𝑀5 + Q

N
𝑏R 𝑇 𝑀N + Q

S
𝑐R 𝑇 𝑀S                                     (5)                                     

For both samples, the temperature dependence of the theoretical and experimental 

−∆𝑆(		curves under 5 T is given in Fig. 10.  It is seen that there is a small	difference between 

theoretical and experimental values for LSMC-0.05. It is considered that the Jahn–Teller effect, 

exchange interactions and micromagnetism may induce a difference between theoretical and 

experimental values of the −∆𝑆(	 [41]. For LSMC-0.10 sample, the experimental and theoretical 

values are compatible with each other; this implies that 	−∆𝑆(	 values and its temperature 

dependency are affected by magnetoelastic coupling and electron interactions [42, 43].   
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Figure 10: −∆𝑆((T) of the samples (a) LSMC-0.05 and (b) LSMC-0.10 

 

4. Conclusion 

 In summary, magnetic and magnetocaloric properties as well as structural properties of 

LSM0.05 and LSMC-0.10 samples obtained by sol-gel method has been investigated. The 

structural properties of LSMC-0.05 and LSMC-0.10 samples were determined using XRD. Both 

samples were crystallized in rhombohedral structure. It is observed that a small change was 

observed in the lattice parameters and unit cell volume values with the increasing of Cu 

concentration. A decrement in the grain size and an increment in porosity between grains have 

been observed with Cu substitution to the Mn-site.  The LSMC-0.05 and LSMC-0.10 samples 

show ferromagnetic- paramagnetic magnetic phase transition at 330 K and 301 K, respectively. 

It has been confirmed by the Landau and Banerjee criterion that the samples exhibit second-order 

phase transition. The −∆𝑆(*+, values of LSMC-0.05 and LSMC-0.10 samples have been 

calculated as 3.39 and 2.78 Jkg-1K-1 under 5 T magnetic fields, respectively. It has been observed 

that replacing Mn with Cu element in the structure causes a decrease in −∆𝑆(*+, values as well 

as in TC. RCP values were calculated as 249. 52 and 111.98 Jkg-1 for LSMC-0.05 and LSMC-010 

samples, respectively. According to the results, we can say that the substitution of Cu to the Mn-

site negatively affects the magnetic and magnetocaloric properties of the samples. 
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