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A B S T R A C T   

Here, theoretical and practical methods were used to study the impact of Eu3+ substitution on copper ferrites. 
The spinel cubic structure of the synthesised samples is crystalline, and XRD analysis revealed the presence of a 
trace amount of the impurity Fe2O3 phase. The range of the estimated crystallite sizes is between 18 and 27 nm. 
FTIR spectra of the ferrites exhibited the presence of functional groups of spinel ferrites. The temperature- 
dependent Mössbauer spectra of CuFe2-xEuxO4 (x = 0, 0.01, 0.02, 0.03) (CEF) were collected at 300 K, 200 K, 
100 K, and 14 K. Room temperature spectra consist of asymmetrically broadened sextets and quadruple split 
lines. The intensity of quadrupole split lines decreases along with the reduction in temperature. The observed 
changes in the structure of the Mössbauer spectra are typical of nanosized particles. The presence of para-
magnetic lines at temperatures lower than the Curie temperature, asymmetric lines with sharp external fronts, 
and significantly diffused internal fronts is a sign of superparamagnetic relaxation. The partial substitution of 
Fe3+ ions by Eu3+ ions causes the redistribution of A and B cations, which leads to the alteration in angle and 
bond length of magnetic superexchange links. DFT calculations support the preference for octahedral Eu-doping 
in combination with the CuFe2O4 matrix, which results in local structural disorders that affect both the material’s 
magnetic and electrical characteristics. The size, shape, interaction with the matrix, and crystallite characteristics 
all affect the material’s magnetic properties. A weak ferromagnetic characteristic is indicated by the magnetic 
properties, and the magnetization values increase as Eu increases as a result of changes in crystallite size. As a 
result, our findings imply that synthesised samples are appropriate for applications involving hyperthermia.   

1. Introduction 

Copper ferrites (CuFe2O4) are a one-of-a-kind soft magnetic material 
that has piqued the interest of researchers due to their low electrical 
resistivity, high permeability, chemical stability, cost-effectiveness, and 
mechanical hardness [1–5]. The structural, electrical, microstructural, 
spectroscopic, magnetic, and absorption properties of CuFe2O4 ferrites 

are now being actively researched [1,6–8]. However, these features of 
CuFe2O4 ferrites can be improved by doping rare-earth ions (Pr3+, Gd3+, 
Yb3+, Nd3+, Sm3+, La3+, and so on) in the ferrite matrix [9–16]. Because 
rare-earth ions have unpaired 4f electrons with strong spin-orbit 
coupling, a modest amount of rare-earth ions that replaced Fe3+ sites 
in ferrites has demonstrated a substantial increase in electrical and 
magnetic properties. The substitution of rare-earth ions at the Fe3+ site 
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causes 4f-3d coupling, which aids in determining the magneto- 
crystalline anisotropy of the material [17–19]. Rare-earth doping is 
essential for ferrite nucleation and development, as it favors magnetic 
spin orientation for the desired magnetic characteristics [17,18,20]. The 
interaction of Fe–Fe is known to regulate the magnetic behavior of spinel 
ferrite compounds. Rare-earth ions penetrate the spinel lattice’s octa-
hedral site, causing 4f–3d interactions that cause structural distortion, 
lattice strain, and saturation magnetization shifts [21–23]. As a result, 
the various properties of rare-earth ions may effectively modulate the 

dielectric and magnetic properties of CuFe2O4 spinel nano ferrites. 
Further ferrites are principally utilized as multilayer chip inductors 
(MLCI) in electronics as well as inductors, transformer cores, deflection 
yokes, and recording heads. Further spinel ferrites also used for high- 

Fig. 1. XRD pattern of CuFe(2-x)EuxO4 (where, x  = 0.00 0.01, 0.02 and 0.03).  

Table 1 
Structural parameters of the CuFe(2-x)EuxO4 (where, x  = 0.00 0.01, 0.02 and 
0.03) nanoparticles.  

Eu3+

content 
Crystallite 
Size D in 
(nm) 

Lattice 
parameters 
(Å) 

Strain Є 
(radian) 

Volume 
(Å3) 

Hoping length 
(Å) 

LA LB 

x = 0.0 25  8.126 1.38 ×
10− 3  

539.29  3.518  2.873  

x =
0.01 

16  8.131 2.14 ×
10− 3  

540.23  3.520  2.874 

x =
0.02 

21  8.143 1.63 ×
10− 3  

542.71  3.526  2.879 

x =
0.03 

51  8.154 6.98 ×
10− 3  

544.91  3.531  2.883  

Fig. 2. FTIR spectra of CuFe(2-x)EuxO4 (where, x  = 0.00 0.01, 0.02 and 0.03).  
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frequency and permanent magnet applications [56,57,58,59,60]. 
Spinel ferrites can be made using a variety of techniques, including 

sol-gel auto combustion, co-precipitation, sonochemical processes, me-
chanical alloying, solution combustion method, and hydrothermal pro-
cedures [24–26]. Herein, the self-propagating high-temperature 
synthesis approach was employed in this study to prepare pure 
(CuFe2O4) and rare-earth-doped (Eu) copper nanoferrites (CuFe2- 

xEuxO4). The role of Eu doping on vibrational, magnetic, structural, and 
low-temperature Mössbauer studies of copper nanoferrites was explored 
using various characterization techniques to determine their suitability 
in magnetic devices. 

2. Methods 

2.1. Synthesis 

CuEuxFe2-xO4 NPs were synthesized by using a stoichiometry quan-
tity of fuels and metal nitrates and urea [NH2CONH2] and glucose 
[C6H12O6] as fuels. Considering the complete combustion reaction, the 
mixture of both fuels were taken, such that, the oxidizer to fuel ratio to 
be unity using the oxidizing the reducing valencies of metal nitrates and 
fuels. The stoichiometric amounts of the metal nitrates and fuels were 
dissolved with 30 ml double distilled water and thoroughly stirred on 
the magnetic stirrer at a static spinning speed of 800 rpm for 1 h until 
clear transparent solution. This clear transparent solution is called redox 
mixture. The redox mixture was then taken in a 250 ml borosil beaker 
and kept in a pre-heated muffle furnace at 450 ◦C. Initially, the solution 
boils then froths and ignites to yield fine ash. The final as was then 
ground in agate pestle mortar and collected. To mention, the whole 

combustion process has gets completed in less than 20 min, whereas the 
reaction time of the actual ignition/flaming was few seconds. 

2.1.1. Characterization 
XRD was used to characterize the fine powder samples to understand 

the crystalline structure and phase. XRD was performed using CuKα ra-
diation, and the diffractogram data was recorded from 10◦ to 80◦ with a 
step size of 0.02◦. The FTIR spectra were recorded to confirm the sam-
ples’ vibrational bands using an IRTracer-100 Shimadzu FTIR 
spectrometer. 

The fine powder samples were characterized using XRD to determine 
the crystalline structure and phase. CuKα radiation was used for XRD, 
and the diffractogram data was recorded with a step size of 0.02◦ from 
10◦ to 80◦. An IRTracer-100 Shimadzu FTIR spectrometer was used to 
record the FTIR spectra in order to confirm the vibrational bands of the 
samples. The MS1104Em spectrometer was used to record the 
Mössbauer spectra. Southern Federal University’s Scientific Research 
Institute of Physics planned and built it. The geometry of a moving 
source is used. 57Co in a rhodium matrix was used as the source of 
-quanta. As a function of the metallic α-Fe, the isomer shifts were 
determined. In a CCS-850 helium cryostat chamber, the samples were 
chilled. The SpectrRelax software was used to fit the spectra. The sam-
ples are investigated using a PPMS-14 T vibrating sample magnetometer 
to determine the magnetic properties and magnetic nature of the 
samples. 

2.2. Theoretical details 

In this study, the Eu-doped copper nanoferrites were investigated 

Fig. 3. Mössbauer spectra of CuFe2O4 nanoparticles taken at different temperatures. (Greed line – SA sextet, Light blue line – SB sextet, Viol line – relaxation sestet, 
Dark yellow line – Doublet for unblocked particles). 
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using density functional theory with PBE0 [27] hybrid functional 
implemented in the CRYSTAL17 [28] package. First, the cubic unit cell 
for CuFe2O4 was minimized as a function of the system’s total energy. 
Three magnetic models (FEM, FiM-I and FiM-II) were used to investigate 
the magnetic properties. [29] Based on the primitive (14 atoms) unit cell 
of inverse CuFe2O4, the six magnetic sites can be described as (FeTetra, 
FeTetra, CuOcta, CuOcta, FeOcta, FeOcta), where FEM (↑↑↑↑↑↑), FiM-I 
(↑↑↓↓↓↓) and FiM-II (↑↑↑↑↓↓). 

The Eu-doped copper ferrites model was based on the conventional 
supercell (56 atoms), and Eu3+ successively replaced the Fe3+ atoms. In 

order to analyze the preferential site for Eu doping, both tetrahedral and 
octahedral Fe3+ were considered. Cu, Fe were represented by all- 
electron 86-411d41G [30,31], Eu by effective core pseudopotential 
including valence 4f orbital representation [32], and 8411d1 Gaussian 
basis sets were used to represent the O atoms [33]. The optimization 
criteria was set as 10-8 Hartree, and the accuracy of the Coulomb and 
exchange series was controlled by two sets of parameters defined as 10-8 

and 10-16. The k-points were defined by a shrinking factor set to 8 × 8 
(Gillat Web), following the Monkhorst–Pack method [34]. 

3. Results and discussions 

3.1. Structural analysis 

Fd-3 m space group polycrystalline spinel cubic structure with 
modest Fe2O3 impurity phase was observed in all samples [35,36]. In 
hyperfine interaction investigations, this impurity will have no effect. 
The indexed XRD (Fig. 1) peaks follow JCPDS card number 74-2400. 
Due to the difference in ionic radius, the lattice parameter increases 
with increasing Eu3+ concentration. It has been confirmed that euro-
pium occupies an octahedral position due to the smaller ionic radius of 
Fe3+ (0.67). All samples were found to have an average particle size in 
the range of 16–51 nm, as determined by the Debye-Scherrer relation 
and the average crystallite size inferred from the Debye-Scherrer rela-
tionship [37,38]. We previously reported values for crystallite size, 
lattice parameter, and other essential characteristics (see Table 1). 

3.2. Vibrational analysis 

Infrared spectra have been used to examine ion positions in crystals 
and vibrational modes. CEF FTIR spectra are shown in Fig. 2. The band 
at 472 cm− 1 was given to octahedral complexes in the FTIR spectra of all 
the samples, while 548 cm− 1 was ascribed to tetrahedral complexes 
[39,40]. Because of the absence of shoulders in the first absorption band, 
the potential of Fe2+ ions at A-sites has been ruled out. On the other 
hand, the octahedral complexes are a result of a simple splitting of the 
absorption band at 472 cm− 1 [41,42]. Iron and rare-earth ions on B-sites 
in oxide state are thought to be responsible for this Jahn Teller distor-
tion, as confirmed by XRD. The absorption bands differ due to variations 
in bond lengths at tetrahedral and octahedral sites, respectively. There is 
a slight variance in-band location owing to the preparation technique, 
grain size, and porosity. With increasing the doping amount, there may 
be a change in the spectrum due to the increased quantity of rare earth in 
materials. 

3.3. Mössbauer analysis 

The Mössbauer spectra of CuFe2-xEuxO4 (x = 0, 0.01, 0.02, 0.03) 
were collected at 300 K, 200 K, 100 K and 14 K. Room temperature 
spectra (Fig. 3) consist of asymmetrically broadened sextets and 
quadruple split lines. The reduction in temperature leads to an increase 
in the line intensity of sextets and a narrowing of resonant lines. 
Furthermore, the intensity of quadrupole split lines decreases along with 
temperature reduction. The observed changes in the structure of 
Mössbauer spectra are typical of nanosized particles. The presence of 
paramagnetic lines at temperatures lower than the Curie temperature 
and asymmetric lines with sharp external fronts and significantly 
diffused internal fronts is the sin of superparamagnetic relaxation 
[43,44]. The magnetic sextets relate to nanoparticles with a blocked 
magnetic moment, while quadrupole lines correspond to unblocked 
particles. The unblocked particles have a very high rate of magnetic 
moments rotation, which leads to a collapse of Zeeman splitting. Ac-
cording to scanning electron microscope study results, the CuFe2-xEuxO4 
(x = 0, 0.01, 0.02, 0.03) nanoparticles are characterized by a wide 
distribution of grain sizes [4]. The grain sizes in this system vary be-
tween 0 and 60 nm. The critical size for CuFe2O4 is about 7 nm [45,46]. 

Table 2 
Mössbauer parameters of CuFe2-xEuxO4 nanoparticles. In this case, δ – isomer 
shift, ε – quadrupole shift, Δ – quadrupole splitting for paramagnetic compo-
nent, H – hyperfine magnetic field on 57Fe nucleus, Γ – linewidth, A – compo-
nent area.  

x T, 
K 

Component δ ±
0.01, 
mm/s 

ε/Δ ±
0.01, 
mm/s 

H ±
0.4, 
kOe 

A ±
0.5, 
% 

Γ ±
0.01, 
mm/s 

0 300 D1  0.33  0.72  4.5  0.60 
S1  0.27  0.00  487.0 44.5  0.54 
S2  0.36  − 0.02  507.1 44.5  0.52 
SR  0.32  − 0.02  462.2 6.5  0.29 

200 D1  0.38  0.60  2.5  0.51 
S1  0.32  0.00  499.1 48.8  0.57 
S2  0.42  − 0.03  522.4 48.8  0.53 

100 S1  0.37  − 0.01  507.0 50.0  0.64 
S2  0.47  − 0.03  535.6 50.0  0.57 

14 S1  0.38  0.00  508.5 50.0  0.58 
S2  0.49  0.00  536.1 50.0  0.55 

0.01 300 D1  0.35  0.72  28.8  0.58 
S1  0.29  − 0.01  477.3 26.9  0.50 
S2  0.34  − 0.02  499.7 31.3  0.52 
SR  0.31  − 0.03  471.3 22.3  0.29 

200 D1  0.43  0.72  0.0 11.4  0.51 
S1  0.34  0.00  500.9 32.5  0.55 
S2  0.43  − 0.03  532.1 30.7  0.53 
SR  0.35  − 0.03  488.7 25.4  0.29 

100 D1  0.49  0.64  0.0 5.8  0.36 
S1  0.38  0.00  506.5 39.9  0.56 
S2  0.48  − 0.02  532.1 38.1  0.54 
SR  0.39  − 0.04  495.4 16.2  0.29 

14 S1  0.39  0.01  507.5 44.4  0.53 
S2  0.48  − 0.02  533.0 42.6  0.54 
SR  0.39  − 0.03  495.3 13  0.29 

0.02 300 D1  0.33  0.76  18.1  0.55 
S1  0.29  0.00  482.3 31.1  0.62 
S2  0.34  0.00  501.9 27.5  0.48 
SR  0.32  0.01  473.1 23.3  0.29 

200 D1  0.40  0.81  15.8  0.67 
S1  0.34  − 0.01  501.3 35.7  0.60 
S2  0.42  − 0.01  523.4 32.1  0.50 
SR  0.37  0.00  480.0 16.4  0.29 

100 D1  0.47  0.84  3.9  0.70 
S1  0.39  0.00  507.9 44.4  0.60 
S2  0.47  0.00  532.2 40.6  0.52 
SR  0.40  − 0.01  483.0 11.1  0.29 

14 S1  0.40  0.00  507.5 46.3  0.55 
S2  0.48  0.00  532.5 42.9  0.52 
SR  0.41  0.00  485.9 10.7  0.29 

0.03 300 D1  0.33  0.74  30.5  0.66 
S1  0.29  0.00  471.8 16.7  0.62 
S2  0.37  − 0.03  499.1 11.0  0.51 
SR  0.31  − 0.01  462.8 41.8  0.29 

200 D1  0.40  0.78  12.9  0.66 
S1  0.34  0.00  484.8 26.7  0.62 
S2  0.41  − 0.02  513.3 21.2  0.59 
SR  0.36  − 0.01  468.5 39.1  0.29 

100 D1  0.45  0.74  3.6  0.59 
S1  0.40  0.00  494.3 43.4  0.61 
S2  0.47  − 0.01  525.3 38.1  0.64 
SR  0.43  0.00  470.0 14.8  0.29 

14 S1  0.40  0.00  501.6 46.4  0.55 
S2  0.49  − 0.01  531.5 41.0  0.59 
SR  0.44  − 0.02  478.6 12.5  0.29  
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Therefore, the magnetic sextets are associated with nanoparticles, with 
the grain size being larger than 10 nm. The quadrupole lines correspond 
to nanoparticles with diameters lower than 10 nm. Since the samples 
have a wide distribution of grain sizes, there are particles with a relax-
ation time close to Mössbauer measurement time (τm = 2.5•10− 8 s). The 
presence of such particles leads to the appearance of a relaxation 
component in the Mössbauer spectra. Thus, the Mössbauer spectra of 
CuFe2-xEuxO4 (x = 0, 0.01, 0.02, 0.03) decompose into magnetic sextets, 
doublets and relaxation components. In order to describe the relaxation 
process, the many-state superparamagnetic relaxation (MSSR) model 
[47] was used for the fitting. 

The room temperature spectra of CuFe2-xEuxO4 (x = 0, 0.01, 0.02, 
0.03) samples (Fig. 3) consist of two sextets (SA and SB), a paramagnetic 
doublet (D) and a MSSR sextet (SR). The parameters of these subspectra 
are listed in Table 2. The isomer shift of all subspectra corresponds to the 
Fe3+ ions. The isomer shift values of SA and SB sextets are typical of Fe3+

in tetrahedron and octahedron, respectively [54,55]. The area value of 
the doublet increased from 4.5% to 30.5% with x growing, indicating 
that the fractions of nanoparticles with a grain size lower than 10 nm 
increased along with the growth of Eu3+ concentration. The area of the 
doublet decreases as a result of temperature reduction (Figs. 4, 5, 6), 
meaning that the fraction of unblocked nanoparticles decreases due to 
blocking magnetic moments of particles of a certain size. The doublet 
disappears from spectra below 200 K for the CuFe2O4 sample and below 
100 K for the rest of the samples (x = 0.01, 0.02, 0.03). Moreover, the SR 
sextet vanishes from the CuFe2O4 spectra near 200 K, but it appears on 
the Mössbauer spectra of CuFe2-xEuxO4 (x = 0.01, 0.02, 0.03) over the 
whole temperature range. Therefore, the CuFe2O4 sample has the nar-
rowest distribution of grain size nanoparticles. 

The areas of SA and SB sextets of the CuFe2O4 Mossbauer spectra have 
equal values, suggesting that Fe3+ ions equally occupy both A and B 
sites. The partial substitution of Fe3+ ions by Eu3+ ions results in higher 
values of the SA sextet area. The area value of SA sextet increases with the 
x growing. Thus, in the system CuFe2-xEuxO4, the Eu3+ ions tend to 
occupy the octahedral B-site. The highest hyperfine magnetic field (H) 
values are observed for the CuFe2O4 Mössbauer spectrum. The intro-
duction of Eu3+ ions into the B-site leads to the reduction of H values. 
The decrease in H values of SA and SB sextets is probably caused by 
changes in the local structure resulting from cation substitutions. The 
partial substitution of Fe3+ ions by Eu3+ ions causes the redistribution of 
A and B cations, which leads to the alteration in angle and bond length of 
magnetic superexchange links. 

3.4. Magnetic analysis 

The M-H loop of CuFe2-xEuxO4 nanoparticles at ambient temperature 
as displayed in Fig. 7. Copper ferrite is a soft ferromagnetic material that 
has an inverse spinel structure with Cu2+ ions at the A-site and Fe3+ ions 
at both the A and B-sites [48]. The M-H curves of hysteresis loop is re-
veals the soft magnetic behavior and it shows saturated magnetization 
even at 20 kOe is characterized to the superparamagnetic behavior. The 
remanence (S) was quantified by utilizing relation S=Mr/Ms. The cubic 
anisotropy (Kc) was quantified by utilizing relation Kc = HcXMs

0.64 . The 
uniaxial anisotropy (Ku) was quantified by utilizing relation Ku = HcXMs

0.985 
[49,50]. Where, the saturation magnetization (Ms) and remanent 
magnetization (Mr) were recorded by using y- axis at M-H loop. Coer-
civity field (Hc) was quantified by the x- axis at M-H loop. The remanant 
magnetization (Mr), coercivity (Hc) and saturation magnetization (Ms), 

Fig. 4. Mössbauer spectra of CuFe2-xEuxO4 (x = 0.1) nanoparticles taken at different temperatures. (Greed line – SA sextet, Light blue line – SB sextet, Viol line – 
relaxation sestet, Dark yellow line – Doublet for unblocked particles). 
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remanence (S), uniaxial anisotropy (Ku) and cubic anisotropy (Kc) values 
for the CuFe2-xEuxO4 nanoparticles are tabulated in Table 3. 

Magnetic parameters of the material depend on the crystallite size, 
crystal structure, shape, particle size, and interaction with the matrix. 
Fig. 7 clear that the CuFe2-xEuxO4 nanoparticles exhibit weak ferro-
magnetic behavior. 

The increase of Eu3+ concentration, the magnetization value gets 
varies may due to the varies in crystallite size as well [51]. As per 
nanosized materials, domain walls, the impurity phase (α-Fe2O3) and 
small domain area are forestalling their revolution or spin which add to 
diminish the polarization [52]. Table clearly indicated that all magnetic 
parameters decrease sharply with x = 0.00 concentration to x = 0.01 
concentration, the magnetic parameters increase sharply with x  = 0.01 
concentration to x = 0.02 concentration and again the magnetic pa-
rameters decreases with x = 0.02 concentration to x = 0.03 concentra-
tion. On the whole, the increasing Eu3+ concentration more than 
appropriate ratio (1:2) significantly decreases the Ms value of CuFe2O4 
nanoparticles. The existence of impurity phases may cause in decreasing 
of magnetization [52,53]. Furthermore, at ambient temperature, the 
impurity phases are usually a canted antiferromagnetic phase with very 
weak magnetic behavior, reducing the total magnetic behavior of sam-
ples [52,53]. We discovered that the product’s enhanced magnetic 
behavior is aided by its high crystalline nature, crystallite size, and very 
fine clear particle edges with minimal agglomeration morphology. 
Furthermore, the Eu3+ concentration played an unavoidable role in the 
magnetic properties of CuFe2O4 nanoparticles. 

Table 3 contains the remanent magnetization (Mr) values obtained 
from the M-H loop’s intercept on the magnetization axis. It can be shown 
that the Mr values did not change monotonically with the samples’ Eu 

contents. The sample with x = 0.03 had the lowest Mr value, indicating 
that there may have been a minor doping of the Eu3 + ions, as the 
sample exhibits “greater” superparamagnetic-like behaviour. The 
particle-particle contact decreases as superparamagnetic behaviour 
increases.. 

Reduced remanence (S), which is the ratio between the Mr and Ms 
values of the respective samples, was taken into consideration to help us 
better comprehend this feature. As expected, the value of the lowered 
remanence was unexpectedly found to be lowest for the sample with x =
0.03 and to be higher for higher Sm-doping. However, the reduced 
remanence (S) of a collection of magnetic particles that are not in con-
tact with one another is given by for samples with uniaxial anisotropy 
and by 0.832 for samples with cubic anisotropy by the Stoner-Wohlfarth 
model. The observed values of S in our samples are below 0.5 for sam-
ples with x = 0.03 but are high for those with lower concentrations 
(Table 3). This implies that samples have larger, non-interacting single 
domain particles that exhibit uniaxial anisotropy, while samples have 
smaller, mostly non-interacting single domain particles, and the type of 
anisotropy observed is cubic. It’s noteworthy to observe that by doping 
more Eu3 + at the B-site, there is a transition from uniaxial anisotropy to 
cubic anisotropy. Additionally, there are two ways that the coercive field 
(Hc) in particulate systems might arise: I through inter-particle in-
teractions, and (ii) through intra-particle interactions. Surface pinning 
and bulk magnetocrystalline anisotropy may both be responsible for the 
intra-particle interactions. 

All reported values is well matches with our results [1,2,3]. 

Fig. 5. Mössbauer spectra of CuFe2-xEuxO4 (x = 0.2) nanoparticles taken at different temperatures. (Greed line – SA sextet, Light blue line – SB sextet, Viol line – 
relaxation sestet, Dark yellow line – Doublet for unblocked particles). 
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3.5. DFT calculations 

In this section, the structural, energetics, and electronic structure of 
CuFe2-xEuxO4 was investigated based on DFT/PBE0 calculations. First, 
the optimized lattice parameters for pure CuFe2O4 were calculated as a 
= 8.403 Å, while the Eu-doped showed a = 8.473 and a = 8.476 Å for 
tetrahedral and octahedral doping sites, respectively, indicating a unit 

cell expansion following the experimental analysis (Table 1). Therefore, 
the computed energies were analyzed to ascertain the preferential Eu- 
site doping, indicating that Eu-doping on the octahedral site is most 
favorable by 207.36 meV due to the largest Eu3+ ionic radii in com-
parison to Fe3+. However, it is important to mention that the calculated 
energy difference between tetrahedral and octahedral doping is rela-
tively small, indicating that the Eu doping mechanism can occur at both 
sites, as predicted by Mossbauer’s analysis. 

As regards the magnetic properties of CuFe2-xEuxO4, the calculated 
energy values for FEM, FiM-I, and FiM-II models indicates that pure and 
Eu-doped systems are ferrimagnetic, once the Neel ferromagnetic 
configuration (FiM-I) is more stable by 416.28 (387.66) and 150.67 
(132.23) meV in comparison to FEM and FiM-II configurations for pure 
(doped) CuFe2O4. Indeed, the calculated energy differences indicate that 
the Eu-doping mechanism induces a local structural disorder that affects 
the exchange-coupling constant between tetrahedral and octahedral 
sites. 

In addition, it was observed that valence band maximum is flat along 

Fig. 6. Mössbauer spectra of CuFe2-xEuxO4 (x = 0.03) nanoparticles taken at different temperatures. (Greed line – SA sextet, Light blue line – SB sextet, Viol line – 
relaxation sestet, Dark yellow line – Doublet for unblocked particles). 

Fig. 7. The field dependent magnetization (M-H) curves at room temperature 
for CuFe2-xEuxO4 nanoparticles. 

Table 3 
Magnetic parameters of CuFe2-xEuxO4 nanoparticles.  

CuFe2- 

xEuxO4 

Ms 
(emu/ 
g) 

Mr 
(emu/ 
g) 

Hc 
(Oe) 

S Ku (erg/ 
Oe) 

Kc (erg/ 
Oe) 

X = 0  33.374  10.779  188.08  0.322  6372.57  9807.78 
X = 0.01  22.961  4.688  98.746  0.169  2301.83  3542.66 
X = 0.02  27.712  4.890  103.448  0.202  2910.40  4479.29 
X = 0.03  14.342  0.922  42.319  0.064  616.18  948.34  
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with M-Γ points, indicating that direct (M-M) and (Γ-M) band gaps are 
the same, which can affect the effective hole mass and trapping at the 
octahedral Cu (3d) orbitals located on this region. In particular, the 
electronic excitation can be described from [CuO6] to [FeO6]/[FeO4] 
through the intermetallic connection Cu-O-Fe that occurs for both 
sublattices. 

On the other hand, the VB and CB for the Eu-doped model (Fig. 8b) 
present a similar pattern of the energy level distributions compared to 
the pure one with the increase of impurity levels within the fundamental 
band gap associated with the Eu 4f orbitals. Herein, the electronic 
excitation involves [CuO6], [EuO6], and [FeO6], suggesting that after 
the Eu-doping, the octahedral environment was perturbed by local 
structural distortions that reduce the bandgap energy to 2.63 eV and 
allows an internal electron excitation. This fact agrees with the calcu-
lated energy differences between the magnetic models indicating that 

intra-octahedral exchange-coupling constants were modified after the 
Eu-doping [54-61]. 

4. Conclusion 

In the present work samples were prepared by using a self- 
propagating high temperature synthesis method, exhibiting a crystal-
line nature with a spinel cubic structure along with a small amount of 
impurity phase. The presence of functional groups of spinel ferrites was 
exhibited by FTIR spectra of the ferrites, confirming the cation distri-
bution along with tetrahedral and octahedral voids. The temperature 
dependent Mössbauer spectra of CuFe2-xEuxO4 (x = 0, 0.01, 0.02, 0.03) 
(CEF) were collected at 300 K, 200 K, 100 K and 14 K. Room temperature 
spectra consist of asymmetrically broadened sextets and quadruple split 
lines. The intensity of quadrupole split lines decreases along with the 

Fig. 8. Band Structure and atom-resolved Density of States profiles for (a) pure and (b) Eu-doped CuFe2O4 models.  
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reduction of temperature. The observed changes in the structure of the 
Mössbauer spectra are typical of nanosized particles. The presence of 
paramagnetic lines at temperatures lower than the Curie temperature as 
well as asymmetric lines with sharp external fronts and significantly 
diffused internal fronts is the sign of superparamagnetic relaxation. The 
partial substitution of Fe3+ ions by Eu3+ ions causes the redistribution of 
A- and B- cations, which lead to the in alteration in angle and bond 
length of magnetic super exchange links. In particular, the Eu-doping 
mechanism is favored at octahedral site as proved by DFT calcula-
tions. Moreover, the rare-earth doping induces the bandgap narrowing 
due to the localization of intermediary energy levels associated with the 
4f orbitals. 
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