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A set of Ni0.45Co0.45Sr0.1LaxFe2-xO4 samples, with varying values of 

x (0, 0.02, 0.04, 0.06, 0.08, and 0.10), were synthesized using the flash 

auto-combustion method. The presence of the substituted La3+ ion in 

the system was verified via various characterization techniques, such as 

Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX) 

analysis, Dielectric Analysis, and Electrical Analysis.  The morphology 

of all samples was examined utilizing field emission scanning electron 

microscopy (FE-SEM). The grain size measured from SEM increased 

by increasing lanthanum content up to the sample of lanthanum content 

x= 0.04, then decreased above this value. EDS spectra confirmed Co Ni 

Sr Fe for x=0.00 and indicate the presence of these elements beside 

lanthanum ion in the other samples, without the presence of 

contamination. At room temperature, the dielectric constant was studied 

for all samples ranging from 10
-2

 to 10
8
 Hz. At high frequency, the 

hopping rate increase and the ferrite material become more conductive, 

causing a rapid decrease of ε′ and ε″. At lower frequencies, the 

inclusion of higher amounts of lanthanum leads to a reduction in the 

values of both ε′ and ε″. The rise in Lanthanum content is associated 

with a drop in electric conductivity, which can be attributed to the rule 

governing the increase in grain resistance, resulting in a decrease in AC 

conductivity. Thermal conductivity and thermal diffusivity increase 

with temperature. Due to its characteristics, this material may be ideal 

for thermoelectric and thermomagnetic sensors and switches. 
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Introduction 

The study and use of materials 

having dimensions between one and one 

hundred nanometers are the subjects of 

nanoscience and nanotechnology. The 

disciplines of physics, chemistry, 

chemical, electrical, and mechanical 

engineering are all involved in 

interdisciplinary research and technology 

at the nanoscale (Anwar et al., 2020; 

Gilani et al., 2020; Kumar et al., 

2012). 

Due to their applicability in many 

spheres of life, nanomaterials have 

attracted a great deal of attention during 

the past thirty years. Nanomaterials have 

a high surface-to-volume ratio, which 

causes changes in their physical and 

chemical characteristics to result in a 

wide range of uses and applications 

(Kalia et al., 2023; Ramadevi et al., 

2020; Koutsoumbou et al., 2021; 

Munir et al., 2022). These applications 

encompass material qualities that are 

fundamentally distinct from bulk 

material, including mechanical, 

chemical, electrical, magnetic, and 

optical (Gilani et al., 2020). 

Sol-gel, hydrothermal, combustion, 

mechano-chemical, precursor, 

microemulsion, and microwave 

refluxing techniques have all been 

employed to create nanocrystalline soft 

ferrites (Yi et al., 2021). 

Various features of ferrite materials 

containing metal and iron oxide are 

utilized in technical and scientific 

applications. Ferrites exhibit a wide 

range of properties, including magnetic, 

electrical, optoelectronic, 

electrochemical, and magnetoelectronic 

ones. These ferrite characteristics are 

significantly influenced by the 

distribution of cations among the 

available interstitial sites, the nature and 

type of dopants, the synthesis 

parameters, and the synthesis techniques 

(Gilani et al., 2020). 

Due to its superior and distinctive 

properties when compared to bulk spinel 

ferrites, nano-particle spinel ferrites have 

attracted the attention of many 

researchers. The tiny diameters of the 

nanoparticles helped in the development 

of theoretical and practical applications 

(Chintala et al., 2021; Ahmad et al., 

2022; Al-Bassami et al. 2023; Vinod et 

al., 2022). A prominent kind of magnetic 

material known as spinel ferrite 

combines the two-dimensional 

characteristics of an electrical insulator 

and a magnetic conductor. A spinel 

structure that is formed by a nearly 

close-packed FCC array of anions with 

holes partly filled by the cations can be 

represented by the formula AB2O4 

(Slatineanu et al., 2013; Hossain et al., 

2022; Manohar et al., 2021). The 
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oxygen atoms are placed in a cubic 

pattern, with A and B referring to the 

tetrahedral and octahedral sites in the 

crystal structure of spinel ferrites, and 

the oxygen atoms are arranged in a cubic 

arrangement, with A and B denoting the 

tetrahedral and octahedral sites, 

respectively (Hamza et al., 2022; 

Iranmanesh et al., 2018). Spinel 

ferrites' high saturation magnetization, 

high permeability, and exceptionally 

high electrical resistivity are some of its 

finest qualities at high frequencies. The 

inverse spinel ferrites, cobalt ferrites, 

nickel ferrites, and strontium ferrites are 

some of the spinel ferrites (Kokare et 

al., 2018). 

Due to their distinctive 

characteristics, cobalt ferrite is 

significantly more essential than other 

spinel ferrite (Almessiere et al., 2021). 

Elevated Curie temperature, strong 

Coercivity, outstanding magneto-

crystalline alignment, decent saturation 

magnetization, robust mechanical 

resilience, and chemical durability. 

(Pubby et al., 2020).  These features 

make cobalt ferrite a strong option for a 

variety of applications. Cobalt ferrites 

play an important role in the 

development of microwave and 

spintronic devices, solar cells, 

magnetostrictive sensors, drug delivery 

systems, transducers, actuators, lithium-

ion batteries, supercapacitors, and 

computer memory components 

(Ramadevi et al., 2020; Koutsoumbou 

et al., 2021). Nickel ferrites have the 

same properties as Co ferrites (Kokare 

et al., 2018). 

As a member of the spinel ferrite family 

with high electrical resistivity, high 

saturation magnetization, high Curie 

temperature, low eddy current, and low 

dielectric losses, nickel ferrite is one of 

the best options for usage in these 

applications (Hussain et al., 2023; 

Chintala et al., 2021). Ni ferrites are 

therefore utilized as a magnetic material 

in the disciplines of power application, 

antenna manufacturing, computer 

memory, catalysts, energy storage in 

supercapacitors, biotechnology, and 

high-density information storage., 

electrical and electronic devices 

(Narang et al., 2021). Ni ferrite has a 

larger magneto-crystalline anisotropy 

constant than its bulk, the corresponding 

one, which makes it a candidate for 

high-frequency application (Rana et al., 

2021). 

Strontium ferrite is one type of ceramic 

ferrite magnet. The strontium ferrite is a 

hard ferrite that has many applications in 

memory storage and magnetic recording 

media (Zhang et al., 2021; Óvári et al., 

2017; Ateia et al., 2017). 
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The current investigation aims to analyze 

the influence of La
3+

 ions on the 

structural characteristics of Ni-Co-Sr 

spinel and interested in the impact of 

rare earth element on thermo-magnetic 

properties of ferrite and directing it for 

application of heat transfer application. 

Experimental details: 

 In the present study, Ni-Co-Sr-La 

spinel ferrites characterized by the 

chemical formula Ni0.45 Co0.45 Sr0.1 Lax 

Fe2-xO4 where (x= 0.00, 0.02, 0.04, 0.06, 

0.08, and 0.10) were prepared by the 

flash auto combustion method as 

illustrated in Fig. (1). The morphology of 

ferrite samples was characterized 

utilizing a Scanning Electron 

Microscope (SEM) with the specific 

model being JOEL, Model: JSM-5200 

LV. The Broadband Dielectric 

Spectrometer (BDS) employs the NoVo 

control concept, namely the 40 

Broadband dielectric spectrometer model 

and Alpha impedance analyzer, to 

accurately assess the dielectric and 

electrical properties within a frequency 

range of 10
-2

 to 10
8
 Hz. The samples' 

dielectric constant (ε), dielectric loss, 

and electrical resistivity were studied at 

different temperatures using an RLC 

bridge known as the BM591. The 

thermal constants analyzer, known as the 

hot disk, employs a sensor consisting of 

concentric rings arranged in a double 

spiral configuration. This sensor serves a 

dual purpose: it functions as a planar 

heater to raise the temperature of the 

sample. Also, it operates as an Ohmic 

resistance thermometer to measure the 

time-dependent temperature rise. The 

spiral, composed of nickel material and 

coated with Kapton on both sides to 

safeguard and provide electrical 

insulation, is conveniently positioned 

amidst two sample sections under 

examination. During the experimental 

procedure, a minute and unchanging 

electrical current is administered, 

wherein the resultant voltage produced 

by the sensor exhibits a direct 

relationship with the prevailing 

temperature. The throttle position (TPS) 

sensor with a radius of 2.1 mm was 

inserted between two uniform disks of 

the same sample, each having a diameter 

of 15 mm and a thickness of 

approximately 3 mm. The output power 

was held constant at 20 milliwatts (mW). 

At the same time, the total duration of 

the measurements ranged from 10 

seconds (s) to 20 seconds (s). Notably, 

the observed temperature variation on 

the sample's surface is directly 

associated with the measured thermal 

conductivity. The output power 

remained consistent throughout all the 

measurements. 
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Fig. (1): Preparation of ferrites samples 

Ni0.45Co0.45Sr0.1LaxFe2-xO4 using flash auto 

combustion technique. 

 

Results and discussion 

 FE-SEM analysis 

The morphology analysis of Ni0.45 

Co0.45 Sr0.1 Fe2O4 doped with lanthanum 

content where (X= 0.00, 0.02, 0.04, 0.06, 

0.08, and 0.10) were studied by field 

emission scanning electron microscope. 

Figure (2) shows the surface 

morphology of the given structure and 

indicates the presence of irregular grain 

shapes for samples x= 0.00 and 0.02 and 

spherical grains for the other samples. It 

clearly showed some agglomeration for 

the grain structure (Kokare et al., 2018). 

The grain size obtained from SEM 

increased by increasing lanthanum 

content up to the sample of lanthanum 

content x=0.04, then decreased above 

this value (Hasan et al., 2019). 

The grain size values of the given 

composition were around 66 nm for x= 

0.00 and 130nm for x= 0.04, indicating 

the presence of the nanocrystalline 

nature of the samples (Kokare et al., 

2018), (Slatineanu et al., 2013).  For 

lanthanum content ≤ 0.04, the lanthanum 

ions enter the B-site and become soluble 

Fig. (2):  SEM images for different La content. 
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in the lattice, which is the reason for the 

increase of the grain size up to this limit 

at x>0.04 the lanthanum ions become not 

soluble in the lattice and accumulate at 

the grain boundary leading to the 

decrease of the grain size and inhibit its 

growth (Kokare et al., 2018). 

Figure (3) shows the EDX spectra, 

which confirm Co Ni Sr Fe for (x=0.00) 

and indicate the presence of these 

elements beside lanthanum ion for the 

other samples, without any 

contamination.  

Table (1): Elements (Atomic%) of 

Ni0.45Co0.45 Sr0.1Lax Fe2-xO4 

 

Electrical and Dielectric Properties 

Conductivity  

Figure 4 shows the variation of the real 

and imaginary parts of AC conductivity 

as a function of the frequency of the 

studied samples with different 

lanthanum content. From the figure, it 

was noticed that the conductivity 

spectrum consists of two main regions, 

the first at low frequency, which is 

characterized by Plato, and the second at 

high frequency, which is characterized 

by dispersion region (Hassan et al., 

2023). The Plato behavior at low 

frequency from 0.1 HZ to 10
5
 HZ 

reflects the DC conductivity component 

of the samples at the second region from 

10
5
 HZ to 10

7
 HZ. The spectrum follows 

John Schor’s universal power law 

(Ahmad, 2022). In this region, the 

hopping ions and electrons to vacant 

positions quickly return to their original 

positions. Hence, the conductivity 

increases sharply with increasing 

frequency. 

 

Fig. (3): EDX analysis of the resulting 

Ni0.45Co0.45 Sr0.1Lax Fe2-xO4.  

x 
Elements (Atomic %) 

O k Fe k Cok Ni k Sr k La l 

0.00 63.40 24.73 6.08 5.21 0.57 0 

0.02 50.86 31.12 9.19 6.16 2.17 0.49 

0.04 64.12 24.53 5.25 4.62 0.98 0.50 

0.06 65.45 22.83 5.02 4.73 1.27 0.7 

0.08 63.51 24.47 5.39 4.68 0.83 1.12 

0.10 65.5 22.06 5.47 4.69 0.73 1.56 
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The power law is ζAC = ζDC +Aω
n
, 

where ζDC is the DC-conductivity in 

continuous currents, and (A) and (n) are 

a constant and an exponent which 

reflects the degree of interaction between 

ions and their environment, respectively. 

, if n<1, the backward rate for hopping is 

slow, and if n>1, the backward hopping 

is faster than the relaxation time of the 

hopping position (Sarmah et al., 2023). 

 The frequency at which the conductivity 

changes its behavior is called the 

hopping frequency (Amorri et al., 

2023). The figure also shows the electric 

conductivity increase by increasing 

Lanthanum content, which is related to 

the rule of grain resistance decrease 

leading to the increase of AC 

conductivity. The behavior of σ  " vs. 

frequency reflects the reverse behavior 

of    (Amorri et al., 2023).  

 The dielectric permittivity frequency 

The behavior of the dielectric 

permittivity ε′ and ε" as a function of 

frequency from 1 Hz to 10
7
 Hz are 

shown in Fig. (5). It was noticed from 

the figures that ε′ and ε"have high values 

around 0.1 Hz. Above this frequency, the 

ε′ and ε" are almost frequency-

independent at high frequencies up to 

10
7
 Hz (Hussain et al., 2023). We can 

discuss the dependency of dielectric 

permittivity vs. frequency using Koop’s 

and Maxwell-Wagner models, where 

they consider the dielectric properties of 

ferrites depend on the grain boundaries, 

which are good conductors and the inter-

grains with the presence of pores are 

poor conductors. The materials that 

belong to Koop’s model can be 

described as parallel combinations of 

two capacitances and two resistances 

(Routray et al., 2020). 

Generally, the έ of ferrite describes the 

stored energy in the material, where ε " 

shows the energy loss and shifted by 90° 

in phase with ε′. The grain boundary is 

more active at low frequencies, which 

induces interfacial and space charge 

polarization. At the same time, the 

electron hopping process decreases at 

high frequency, leading to the decrease 

of ε′. By increasing frequency, the 

hopping rate increase and the ferrite 

material become more conductive, 

causing a rapid decrease of ε′ and ε″. The 

increase of lanthanum content at low 

frequency decreases the values of ε′ and 

ε".  The presence of lanthanum ions at 

the octahedral site decreases the bond 

length of Fe
3+

- O
2-

 leading to the 

increase of hopping rate, consequently 

decrease of ε′and ε".   

Figure (5) represents the tangent loss 

(tan(δ)) of the studied samples with 

different lanthanum content as a function 

of frequency from 0.1 Hz to 10
7
 Hz at 
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room temperature. The tanδ can be 

calculated from the formula tanδ = 
 "

  
  

(Hussain et al., 2023). In our case, we 

didn’t calculate tanδ but measured it 

from the device given in the 

experimental section. Tanδ has high 

values at low frequencies and reaches 

maximum at certain frequencies due to 

the relaxation process, which is 

associated with the relaxation time and is 

given in Table (2). The given values of 

tanδ at low frequency may be because 

the hopping electrons frequency can 

follow the variation of the AC applied 

field. However, tan(δ) has small values 

when the electron hopping doesn’t 

follow the applied electric field 

frequency (Akhtar et al., 2023). We can 

see from the figure that the tanδ is high 

at low frequency, and it exponentially 

decreases as frequency increases. 

At low frequencies, the grain boundaries 

are more active, reflecting high values of 

tan(δ)  (Deonikar et al., 2020). By 

increasing frequency, the hopping 

electron process becomes easy, and 

hence, the hopping rate increases, the 

material becomes more conductor, which 

causes the rapid decrease in tanδ and the 

hopping rate frequency will not respond 

to the external AC applied frequency (P. 

Kumar et al., 2010). The loss factor 

tanδ has maximum values at low 

frequencies.  

The Fig. (5) depicts the loss tangent 

variations with different lanthanum 

contents. The value of tanδ increases at 

sample x= 0.02 La content and then 

decreases for the other samples, and the 

sample x=0.10 has a low value of tan(δ). 

The value x= 0.02 has the highest 

conductivity value and the tan(δ) value. 

By increasing lanthanum contents, the 

values of conductivity decrease and 

consequently, the tan(δ) values decrease 

 

Fig. (4):  The real part and imaginary part 

of conductivity 
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Table (2): Relaxation time of tangent loss 

and M", grain size 

x τTan(δ)(sec) τM״(sec) 
Grain 

size(nm) 

0.00 3.539x10
3
 0.03x10

-5
 0.066 

0.02 7.441x10
3
 0.16x10

-5
 0.070 

0.04 2.441x10
3
 0.10x10

-5
 0.130 

0.06 2.441x10
3
 0.02x10

-5
 0.083 

0.08 2.441x10
3
 0.03x10

-5
 0.081 

0.10 1.592x10
3
 0.05x10

-6
 0.071 

 

Fig. (5): the real part and the imaginary part 

of the dielectric constant, and the 

loss tangent 

 

Thermal properties (thermal 

conductivity and thermal diffusivity):  

The thermal conductivity and thermal 

diffusivity of Ni0.45Co0.45Sr0.1LaxFe2-xO4 

where (X=0.00,0.02,0.04,0.06,0.08 and 

0.10) samples were measured at different 

temperature from room temperature to 

260°C using the hot disk thermal 

constants analyzer. The thermal 

conductivity of the samples increases by 

increasing temperature and has the 

highest value for the sample x=0.04 of 

lanthanum content; as shown in Fig.(6), 

the thermal conductivity and thermal 

diffusivity were enhanced by the doping 

of lanthanum with x= 0.02 and 0.04, 

then decrease again for other samples. 

The increase of thermal conductivity and 

diffusivity were increased by doping of 

lanthanum ions may be due to the 

formation of conducting chains in the 

crystal lattice where heat can follow 

easily. The highest thermal conductivity 

and diffusivity were achieved for x=0.02 

and x= 0.04 of lanthanum content, where 

these samples' electrical conductivity, 

grain size, and saturation magnetization 

are also high values. These results may 

lead us to a strong correlation between 

our ferrite samples' grain size, electrical 

conductivity, and thermal behavior. 

Similar results were given in previous 

work for (M–CoFe2O4 (where M=Cu 

and Zn)) (El-masry et al., 2023). The 
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values of thermal conductivity and 

diffusivity in the temperature range from 

room temperature to 260 °C are given in 

Table (3). The value of thermal 

conductivity and thermal diffusivity are 

in agreement with the previous work (El-

masry et al., 2023). The thermal 

conductivity of ferrites generally has a 

low value and ranges from 5.8 to 7.9 

W/mK (Chen and Tuan, 2021).  

Table (3): Thermal conductivity and 

diffusivity of the published data and our 

present data for different La content 

The observed increase in thermal 

conductivity and thermal diffusivity with 

temperature is due to the presence of the 

normal scattering process. The factors 

that affect the variation of thermal 

conductivity and thermal diffusivity are 

the phonon scattering mechanism, like 

stray scattering, defects, and structural 

scattering (Tariq et al., 2015). 

 

 

 

Conclusions 

 

Nano-sized Ni0.45Co0.45Sr0.1LaxFe2-xO4 

ferrites with varying La content (x 

=0.00, 0.02, 0.04, 0.06, 0.08, 0.10) were 

synthesized using the flash auto-

combustion technique. This study 

investigates how the substitution of La
3+

 

for Fe
3+

 affects the structure, 

morphology, and magnetic properties of 

Ni-Co-Sr ferrite nanocrystals. The 

incorporation of lanthanum ions had a 

noticeable impact on the properties of 

X 

Thermal 

conductivity 

(W/mK) 

Thermal 

diffusivity 

(mm²/s) 

Reference 

0.00 
0.4359-

0.4563 

0.1881-

0.2145 

present 

work 

0.02 
0.3562-

0.4610 

0.4429-

0.3528 

present 

work 

0.04 
0.4523-

0.5156 

0.4630-

0.4068 

present 

work 

0.06 
0.3466-

0.3892 

0.1657-

0.2089 

present 

work 

0.08 
0.3735-

0.4402 

0.1911-

0.2004 

present 

work 

0.10 
0.1530-

0.4004 

0.1530-

0.1727 

present 

work 

CoFe2O4 0.6 0.52 (El-

masry et 

al., 

2023) 

CuCoFe2O4 0.95 0.75 

ZnCoFe2O4 0.82 0.6 

Fig. (6): Thermal conductivity and Therma 

diffusivity vs. T of Ni0.45Co0.45Sr0.1LaxFe2-xO4. 
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Ni-Co-Sr ferrite, particularly in terms of 

electron movement and variations in 

dielectric constant (ε′) and loss tangent 

(tanδ) with respect to frequency and 

composition. The introduction of La
3+

 

ions into the Ni-Co-Sr ferrite material 

resulted in ferrites with high ε′ and low 

tanδ, making them suitable for high-

frequency applications. Thermal 

conductivity and thermal diffusivity 

were found to increase with La doping at 

x = 0.02 and 0.04 concentrations but 

decreased for subsequent samples. Ni-

Co-Sr ferrite exhibits diverse 

applications, including heat transfer in 

automotive systems, magnetic sealing, 

heat exchangers, liquid-cooled 

computers, fuel cells, heat pipes, and 

heat pumps. 
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انًسحبذل بانلانثانٌو يع  انسحرًنشيٌو -انكٌبانث-اننيكم نفريحات يةكيربانخصائص انحٌصيف، ًانحركيب، ان

 انحطبيقات انًححًهة

ا.د/ اسايو حًيذه، ا.د/ حسنين انهباني، د/ياجذه ركي،   د/ حاجى ابٌشعيشع، نييال إبراىيى، اسيم انطراًنو،

 .سانى يًاحششنا د/يحًذ

 

 ,x (0.00، يغ لٛى يخغٛزة نهًخغٛز  Ni0.45Co0.45Sr0.1LaxFe2-xO4حى حخهٛط يجًٕػت يٍ ػُٛبث 

(، ببسخخذاو طزٚمت الاحخزاق انخهمبئٙ انسزٚغ. حى انخحمك يٍ ٔجٕد 0.10 ,0.08 ,0.06 ,0.04 ,0.02

Laإٌٔٚ 
+3

(، SEMانًسخبذل فٙ انُظبو يٍ خلال حمُٛبث يخؼذدة نهخٕطٛف، يثم انًجٓز الإنكخزَٔٙ ) 

. حى فحض ْٛئت جًٛغ انخٕاص انكٓزبٛت(، ٔححهٛم انؼٕاسل، ٔححهٛم EDXٔححهٛم الأشؼت انسُٛٛت )

يٍ  تحجى انحبٛببث انًمبس ث(. سادFE-SEMًجٓز الإنكخزَٔٙ ببلاَبؼبد انحمهٙ )انؼُٛبث ببسخخذاو ان

SEM  ٗبشٚبدة يحخٕٖ انلاَثبَٕو حخx = 0.04فٕق ْذِ انمًٛت. أكذث طٛفٛت الاَخشبر  ج، ثى اَخفض

ٔأشبرث إنٗ ٔجٕد ْذِ انؼُبطز إنٗ جبَب إٌٔٚ  x = 0.00نـ  Co Ni Sr Fe( حٕاجذ EDXانطبلٕ٘ )

ػُذ درجت حزارة  ثٕابج انؼشل. حى دراست اٖ ػُبطز اخزٖفٙ انؼُٛبث الأخزٖ، دٌٔ ٔجٕد  انلاَثبَٕو

10انغزفت نجًٛغ انؼُٛبث فٙ َطبق يٍ 
-2

10 إنٗ  
8

ْزحش. ػُذ انخزدد انؼبنٙ، سادث سزػت انمفش ٔأطبح 

". ػُذ انخزدداث الألم، ٚؤد٘ إدراج εٔ 'εانًبدة انفٛزاٚج أكثز حٕطٛهًب، يًب أدٖ إنٗ اَخفبع سزٚغ فٙ 

". ارحفبع يحخٕٖ انلاَثبَٕو يزحبط ببَخفبع فٙ εٔ 'εكًٛبث أػهٗ يٍ انلاَثبَٕو إنٗ حمهٛم لٛى كم يٍ 

انخٕطٛم انكٓزببئٙ، ٔانذ٘ ًٚكٍ أٌ ُٚزجغ إنٗ انمبػذة انخٙ ححكى سٚبدة يمبٔيت انحبٛببث، يًب ٚؤد٘ إنٗ 

انخٕطٛم انحزار٘ ٔانخًٕج انحزار٘ يغ ارحفبع انحزارة. َظزًا  اَخفبع فٙ انخٕطٛم انًخزدد. ٚشٚذ

نخظبئظّ، ًٚكٍ أٌ ٚكٌٕ ْذا انًٕاد يثبنًٛب نًسخشؼزاث ٔيفبحٛح انحزارة ٔانكٓزٔيغُبطٛسٛت.

 

 

 

 

 

 

 

 

 

 

 

 

 


