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Abstract
Spinel Mn2+ Fe3+

2−xCex
3+O4 (where x = 0.01–0.05) polycrystalline nanoparticles were fabricated by solution combustion 

method using glucose and urea as fuels. X-ray diffractogram (XRD) proved the witness of the cubic crystal consort of 
products which have the crystallite sizes in between 12 and 8 nm. The size of the sample was accomplished via transmis-
sion electron microscopy. The elemental composition of iron and manganese ions valences of MnCexFe2−xO4 samples were 
analyzed by X-ray photoelectron spectroscopy. XPS data reveals iron in all samples was trivalent; manganese was divalent, 
although tetravalent manganese ions were present on the surface of particles. Magnetic characterization of samples was 
done via Mössbauer spectroscopy at room temperature and at low temperatures (15 K). The Mössbauer analysis deter-
mines the consequence of Ce3+ substitution on isomer shift and quadrupole splitting of all samples. The low temperature 
Mössbauer spectroscopy results indicate that the presence of Ce3+ ions in the octahedron sites causes the decrease in the 
concentration of Fe3+ ions.

1  Introduction

Ferrite nanoparticles are emerges as one of the promi-
nent areas cause of its fascinating magnetic behaviour and 
novel applications [1, 2] in the field of Medical, memory 
devise, sensor and communication sectors etc. Rare earth 
(RE) doped ferrite nanoparticles display a promising 
magnetic properties that are not present in bulk ferrite 
system. Rare earth substituted spinel ferrites is responsi-
ble for remarkable modifications in structure, morphol-
ogy, electrical and magnetic behaviour of the ferrites [3, 
4]. RE elements has larger ionic radius, hence when we 
substituted into Fe3+ site, they may drive the cell sym-
metry to modified by generating internal stress. As we 

already know that interactions of Fe–Fe ions govern the 
magnetic interactions and electrical resistivity of ferri-
magnetic materials. Therefore, by addition of RE ions into 
the spinel crystal lattice, an interaction between Fe–RE 
ions occurs 3d5–4f7 coupling which leads to changes in 
the structural, microstructural, magnetic and dielectric 
behavior of the ferrites. The spin–orbit coupling in Mn2+ 
is responsible for generating large magneto-crystalline 
anisotropy in MnFe2O4, and 4f7 grouped RE ions pos-
sess similar spin–orbit coupling. RE3+ can be stabilized 
in B-sites of the MnFe2O4 crystal lattice and could be 
responsible for the migration of Mn2+ i.e. 3d7 ions from 
the octahedral to the tetrahedral sites with a magnetic 
moment aligned anti-parallel to those of the RE3+ in the 
spinel lattice. This would be expected to significantly 
modify the magnetic moment. Furthermore, the anisot-
ropy energy constant and ferrimagnetic ordering tempera-
ture of the MnFe2O4 can be tuned with RE3+ substitution. 
Among the RE3+ elements, Cerium ions (Ce3+) possess 
the magnetic moment of 2.6 µB. However, there are chal-
lenging issues the maintenance a single-phase with cubic 
structure and understanding the magnetic properties. 
RE ions have a low solubility limit in spinel ferrite and 
form a secondary orthoferrite-phase RFeO3 beyond their 
limit. RE ions improve the magnetic properties if they 
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are accommodated in the spinel lattice whereas the for-
mation of a secondary phase leads to the degradation of 
the magnetic properties of the materials. Therefore, it is 
necessary to solubilize the RE ions in the spinel lattice to 
get the most benefit. According to the literature survey, 
it can be extracted that very limited literature is available 
for Cerium doped Mn spinel nanoferrites [5–7]. However, 
the low temperature magnetic properties was carried out 
using Mössbauer spectroscopy was not found in the litera-
ture. At this juncture, showed a keen interest to report the 
studies on the structural, and low temperature magnetic 
properties Ce doped Mn-ferrite prepared by solution com-
bustion route. The main intention to choose MnFe2O4 is, it 
was exhibiting stable structure and behaves soft magnetic 
nature. Site-preference and atomic sizes of dopant can 
tailor magnetic nature so as to realize its application in 
high frequency applications.

2 � Experimental

The Mn2+ Fe3+
2−xCex

3+O4 (where x = 0.01–0.05) powder 
has been prepared by solution combustion method using 
stoichiometric amounts of oxidizers and fuel, such as 
to maintain oxidizers to fuel ratio unity. We take Man-
ganese nitrate Tetra Hydrate (Mn(NO)3 4H2O), Ferric 
nitrate (Fe(NO3)3 9H2O) and Cerium nitrate Hexa hydrate 
(Ce(NO3)3 6H2O) are used as oxidizers, urea and glu-
cose used as a fuel [8]. The mixture of fuel is taken for 
increased exothermicity and completion of the reaction, 
which can be understood on the basis of chemical reac-
tions involved during the process. The metal nitrates and 
fuels were completely dissolved by using a magnetic stirrer 
for 1 h, until the formation of homogenous solution. This 
homogeneous solution was taken in a Pyrex dish and kept 
in a pre-heated muffle furnace maintained at 450 ± 10 °C. 
Initially, the solution boiled and subsequently frothed to 
yield fine powder. The combustion process completed 
within 20 min. The obtained samples were ground prop-
erly and characterized. The structural study were carried 
out using X-ray diffractometer and the average size was 
calculated from line broadening of (311) reflection using 
Debye–Scherrer formula, S = kλ/βcosθ where k = 0.9 is a 
correction factor to account for the particle shapes, β is the 
full width at a half maximum (FWHM) of the most intense 
diffraction peak, λ is the wavelength of X-rays obtained 
from Cu target = 1.5406 Å and θ is the Bragg’s angle. The 
average particle size is estimated by TEM micrographs 
using image J software were taken by FETEM with elec-
tron energy of 200 kV. The Mössbauer spectra were meas-
ured by MS1104Em Mössbauer spectrometer. The 57Co in 
Rhodium matrix was used as a γ-ray source. The samples 

were cooled in helium cryostat CCS-850 (Janis Res. Inc., 
USA). The experimental spectra were fitted using Spec-
trRelax software [9]. The isomer shifts were calculated 
with respect to the metallic α-Fe.

3 � Result and discussion

3.1 � Structural analysis

X-ray diffraction patterns of all samples with chemical for-
mula Mn2+ Fe3+

2−xCex
3+O4 (where x = 0.01–0.05) nanoparti-

cles are shown in the Fig. 1. From the XRD results it is 
observed that, the lattice parameters are found to increase 
with increasing Ce3+ concentration, which is attributed to 
the fact that the ionic radii of Fe3+ (0.63 Å) smaller than 
that of Ce3+ (1.14 Å). The inset of Fig. 1 reveals the shift in 
the (311) peak position towards higher angles suggests there 
should be an increase in the crystallite size but the present 
investigation is attributed as follows. The average crystallite 
size is found to decrease with increasing Ce3+ concentration 
it was estimated through Scherrer formula [10]. The crys-
tallite size decreases, this is due to the Fe3+ is replaced by 
Ce3+ ion which is having larger ionic radii brings lattice dis-
tortions results the lesser arrangement of Ce3+–O2− bonds. 
This inducing a larger crystalline anisotropy and enhances 
the strain inside the lattice volume. To balance the crystal-
line anisotropy and strain, the crystallite size gets reduced 
[11]. The variation of Lattice parameter, crystallite size is 
as shown in the Table 1. The graphical trend of crystallite 
size and lattice parameter with Ce3+ dopant concentration 
is depicted in Fig. 2.
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Fig. 1   X-ray diffraction pattern of MnFe2−xCexO4 (x = 0.01–0.05)
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3.2 � Particle size analysis by TEM micrographs

The TEM micrographs of MnFe2−xCexO4 is depicted in 
Fig. 3. The particles sizes were measured using “ImageJ” 
software and the images show spherical particles with less 
regularity in size and shape. The particles are agglomerated 
due to their slow growth of the particles during the combus-
tion process. The calculated particle size was about around 
20 nm. The particle size obtained from TEM results are in 
agreements with the average crystallite size calculated by 
Scherrer formula using XRD data.

3.3 � X‑ray photoelectron spectroscopy

X-ray photoelectron microprobe (ESCALAB 250X), 
500 µm radiation spot on the samples with monochromatic 
AlKα radiation line was used for obtaining the chemical 
shifts of materials. This consists absolute resolved energy 
interval of 0.6  eV, determined by the Ag3d5/2spectral 
line. The powder samples were deposited on a conductive 
carbon double sided adhesive tape secured to the metal 
sample holder. The exposure of low energy electrons was 
employed to eliminate the positive charge from the sample 
surface.

Figure 3 shows an overview spectrum of the sample sur-
face with x = 0.05. The carbon content on the surface of 
samples was quite small. The C1s line with binding energy 
285.0 eV was considered to calibrate the energy scale of the 
spectra. Elemental composition of the sample was deter-
mined via a standard method using the relation (1):

here, Ii are the integral intensities of the Fe2p3/2,1/2, 
Mn2p3/2,1/2, and O1s XPS lines, and Ii

∞ are Wagner’s empiri-
cally derived atomic sensitivity factors for XPS [12]. The 
background was subtracted using Shirley method and the 
elemental composition was determined using the software 
kit of the spectrometer. The elemental composition is shown 
in Table 2. It is seen that for x = 0.01 and 0.02 the elemental 
composition of the surface approximately corresponds to the 
expected value. However, there is a substantial segregation 
of manganese on the surface of nanoparticles at x = 0.03. It 
should be noted that with increasing x a slight increase of 
the iron on the surface of nanoparticles was observed. These 
changes in the composition of manganese and iron occur 
due to depletion of oxygen on the surface. Small quantity 
of cerium in the compound is beyond the detection limit of 
the X-ray photoelectron spectroscopy and it is not detected 
in the survey spectrum. Therefore, Mn2p-, Fe2p- and O1s 
spectra were recorded from the samples with x = 0.01–0.05 
and the results are shown in Figs. 4 and 5, respectively. 
The Mn2p spectrum contains spin doublet of Mn2p3/2,1/2 in 
one-electron approximation. The energy positions of both 
peaks are shown in Table 2. The energy position of Mn2p3/2 
peak in the energy range 641.8–642.2 can be attributed to 
Mn4+ ion. Perhaps it resides on the surface of the oxide par-
ticles in MnO2 [13]. The energy position of Mn2p3/2 peak 
of 641.2 eV can be attributed to Mn2+ in the bulk of the 
particles [14]. We can assume that the spectra in Fig. 4 are 
the sum of spectra related to Mn2+ and Mn4+ ions in the bulk 
and on the surface of particles, respectively [15]. Figure 3 
shows Fe2p3/2,1/2 X-ray photoelectron spectra of the sam-
ples with x = 0.01–0.05. Similar to the Mn2p spectra, the 
Fe2p3/2,1/2 contains two maximum spectral lines, correspond-
ing to 2p3/2 and 2p1/2 energy levels of Fe2p due to spin–orbit 
coupling. However, Fe2p3/2,1/2 spectrum has additional fea-
tures Sat1 and Sat2, with binding energy of around 719 eV 
and 733 eV, respectively. These features are called charge 
transport satellites [16], and they are characteristic of the 
spectra of samples containing Fe3+ ions. Therefore, it should 
be noted that the iron on the surface of chemical compound 
have valence of 3+ state. Figure 4 shows O1s X-ray photo-
electron spectra of the samples with x = 0.01–0.05. Despite 
the fact that the samples were exposed in the air, in the 

Ci =
Ii∕I

∞
i

∑n

j=1
Ij∕I

∞
j

,

Table 1   Shows variation of Lattice parameter (Å), crystallite size 
(nm) and Internal strain (%) of as synthesized MnFe2−xCexO4 
(x = 0.01–0.05) nanoparticles

Composition (x) Lattice param-
eter in Å

Crystalite size 
in nm

Internal 
strain (%)

0.01 8.3896 12.76 3.527
0.02 8.3919 11.43 3.934
0.03 8.3955 10.71 4.215
0.04 8.4034 9.63 4.692
0.05 8.4078 8.11 5.583
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Fig. 2   Variation of Crystallite size (nm) and Lattice parameter (Å) 
with Ce3+ dopant concentration of MnFe2−xCexO4 (x = 0.01–0.05)
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spectra can be easily separated the main peak A of around 
530 eV energy (see. Table 3). This peak refers to oxygen 
belonging to the crystal structure of the samples under study. 
In addition to the main peak A in the O1s spectra A, B and 
C peaks are observed. The peak B with the binding energy 
in the range of 531.7–532.0 eV can be attributed to the 

hydrocarbon contamination on the surface, the peak C–OH 
hydroxyl groups or water. Regarding the spectral nature of 
the A peak it is difficult to predict the chemical state. It can 
be referred to as a surface contamination and to restoring 
portion of the particle surface. It is possible to recalculate 
the elemental composition of the surface of the particles 

Fig. 3   Transmission Electron microscopy images of MnFe2−xCexO4 (x = 0.01–0.05)
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without contamination of the surface, considering area of 
the major peaks A. This calculated composition is given in 
each second row of Table 1 for each x.   

3.4 � Mössbauer spectroscopy analysis

The room temperature Mössbauer spectra are shown in 
Fig. 6. The spectra consist of asymmetrically broadened 
Zeeman lines and quadrupole-split lines. The simultane-
ous presence of a magnetic sextet and a doublet component 
on the Mössbauer spectra is typical of superparamagnetic 
nanopowder [17]. The superpamagnetism leads to collapsing 

of Zeeman structure of Mössbauer spectrum at temperature 
below TC. The collapsing occurs when the Mössbauer spec-
troscopy measuring time (τm) which is much shorter than 
superparamagnetic relaxation time (τs) [18]. The tempera-
ture, at which the areas of doublet and Zeeman lines are 
equal, is called the blocking temperature TB. The TB value 
depends on a particle size [19]. The decrease in particle 
sizes leads to the reduction of TB. The doublet area values 
of MnFe2−xCexO4 Mössbauer spectra are ≈ 13% for x = 0.01, 
≈ 17% for x = 0.02 and 0.03, ≈ 23% for x = 0.04 and 0.05. 
These values indicate that TB is higher than the room tem-
perature, the size of particles for the samples with x = 0.02 

Table 2   Elemental composition of the samples MnFe2−xCexO4 (x = 0.01, 0.02, 0.03, 0.04, 0.05), at %

x Mn Fe O Chemical formula of the 
compound

Notes

0.01 7.3 17.5 75.2 Mn0.5Fe1.2O5.3 Withoutcorrection
8.8 19.5 71.7 Mn0.6Fe1.4O5.0 Adjusted for the area of the main peak of A of O1s spectrum

0.02 8.5 20.3 71.20 Mn0.6Fe1.4O5.0 Withoutcorrection
9.6 21.8 68.6 Mn0.7Fe1.5O4.80 Adjusted for the area of the main peak of A of O1s spectrum

0.03 18.7 24.2 57.1 Mn1.3Fe1.7O4.0 Without correction
20.1 24.9 55.0 Mn1.4Fe1.7O3.9 Adjusted for the area of the main peak of A of O1s spectrum

0.04 19.6 25.6 54.8 Mn1.4Fe1.8O3.8 Without correction
20.3 25.2 54.5 Mn1.4Fe1.8O3.8 Adjusted for the area of the main peak of A of O1s spectrum

0.05 19.4 23.9 56.7 Mn1.4Fe1.7O3.9 Without correction
21.5 25.2 53.3 Mn1.5Fe1.8O3.7 Adjusted for the area of the main peak of A of O1s spectrum

Fig. 4   shows an overview 
spectrum of the sample surface 
with x = 0.05
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and 0.03 as well as x = 0.04 and 0.05 being close to each 
other, which is in a good agreement with the XRD particle 
size data.

The superparamagnetic relaxation leads to asymmetric 
shape of the lines on the Mössbauer spectra with sharp outer 
and smeared inward sides [20]. This complicates the model 
interpretation and reduces the reliability of the Mössbauer 
spectrum parameters. To minimize the effect of superpara-
magnetic relaxation the low temperature Mössbauer study 
was carried out. Figure 7 shows the Mössbauer spectra of 
MnFe2−xCexO4 nanoparticles taken at 15 K. The spectra 
consist of three Zeeman sextets with the parameters listed in 
Table 1. The isomer shift values of sextets are ≈ 0.45 mm/s 
and correspond to Fe3+ state in the octahedron oxygen envi-
ronment [21]. The sextet S3 with the lowest effective mag-
netic field value may be associated with Fe3+ ions located 
in the surface and subsurface layers. The S3 area slightly 
grows with x > 0.02. This indicates that the concentration of 
Fe3+ ions on the surface is increasing. The sextets S1 and S2 
seem to correspond to the bulk of the particles. These sextets 

arise from the two types of octahedrons having different local 
environment. The area values of S1 and S2 are equal for the 
samples with x = 0.01 and 0.02. In the samples with x ≥ 0.03 
the area of S2 becomes larger than that of S1. Such a redis-
tribution of the areas is the result of ion substitutions of Fe3+ 
by Ce3+.

The effective magnetic field values (H) of Mössbauer 
spectra of MnFe2−xCexO4 nanoparticles are lower than the 
observed ones in ferrite spinel ceramics [22]. The reduction 
of H values is associated with collective magnetic excitations 
due to superparamagnetic relaxation and can be described by 
[19, 20, 22]:

where H0 is hyperfine magnetic field at zero temperature, K 
is magnetic anisotropy, k is the Boltzmann’s constant, T is 
temperature, V is the volume of particles. The value of H0 is 
usually taken as that of the bulk materials.

(1)H(T) = H0
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Fig. 5   a–c represents the Mn2p, Fe2p and O1s spectra of the samples with x = 0.01–0.05 respectively
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The expression (1) allows one to estimate the K values 
which are associated with TB as:

where a =
1

ln

(

�m

�0

).

The calculated values of K and TB are presented in 
Table 3. The decrease in particle size of MnFe2−xCexO4 
samples lead to regular growthof K values and lowering of 
TB values (Tables 4, 5).

(2)TB =
aKV

k

4 � Conclusions

For the first time, nanocrystalline MnFe2−xCexO4 
(x = 0.01–0.05) ferrites have been synthesized successfully 
by the modified solution combustion. The effect of larger 
rare-earth Ce3+ on the structural, composition and low-
temperature Mossbauer spectroscopy of the ferrite samples 
has been thoroughly investigated. The XRD results reveal 
that the samples are single-phase and the XRD patterns 
exhibit spinel cubic structure. The crystallite size decreases 
with the addition of Ce3+ content to the host ferrite, which 
is in good agreement with the crystallite size obtained 
from TEM micrographs. The XPS allowed one to explore 
the elemental composition and iron and manganese ions 
valences of MnFe2−xCexO4 samples. It has been shown that 
iron and manganese have Fe3+ and Mn2+ states, although 
tetravalent manganese ions were present on the surface of 
particles. With growing of cerium content, the segrega-
tion of manganese and iron on the nanoparticles surface is 
observed. The room temperature Mössbauer spectra exhibit 
magnetic sextet and doublet components simultaneously, 
which suggests that the synthesized material is a superpara-
magnetic nanopowder. The increasing of doublet area with 
Ce3+concentration growth indicates that the blocking tem-
perature is above room temperature. The low-temperature 
Mössbauer spectra have three Zeeman sextets. The isomer 
shift values of the sextets indicate that Fe3+ ions exist in 
octahedral environments. The redistribution of the sextet 
area values is the evidence of the substitution of Fe3+ by 
Ce3+ at the octahedral sites. The slight increase of the sex-
tet area corresponding to the surface layers with Ce3+ con-
centration is associated with the segregation of iron ions on 
the surface of MnFe2−xCexO4 nanoparticles. It seems that 
Ce3+doping leads to the displacement of the Fe3+ ions to 
the nanoparticle surface. There is no monotonous depend-
ence of calculated values of magnetic anisotropy on mean 
radius of particles probably caused by agglomeration of 
particles.
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Fig. 5   (continued)

Table 3   The binding energy 
of Mn2p -, Fe2p and O1s—
levels in the compounds 
MnFe2−xCexOy, in eV

x Mn2p Fe2p O1s

3/2 1/2 3/2 1/2 Sat1 Sat2 A/ A B C

0.01 642.2 653.8 711.0 724.3 719.0 733.3 – 530.2 531.8 533.4
0.02 641.2 653.1 710.4 723.9 718.6 732.0 528.0 530.0 531.7 533.7
0.03 642.0 653.8 711.0 724.5 719.2 732.9 529.0 530.2 532.0 –
0.04 641.8 653.6 710.7 724.0 718.8 732.1 – 530.1 531.9 –
0.05 642.2 653.8 711.0 724.4 719.2 733.0 – 530.2 532.0 534.3
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Fig. 6   room temperature Möss-
bauer spectra of MnFe2−xCexO4 
(x = 0.01–0.05)
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Fig. 7   shows the Mössbauer 
spectra of MnFe2−xCexO4 nano-
particles taken at 15 K
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Table 4   The parameters of 
MnFe2−xCexO4 nanoparticles 
Mössbauer spectra taken at 
15 K Temperature

δ isomer shift, ε quadrupole shift, H effective magnetic field on 57Fe nucleus, G spectra line width, A area 
of spectra component

x Component δ ± 0.02, mm/s ε ± 0.02, mm/s H ± 0.5, kOe G ± 0.02, mm/s A ± 1,  %

0.01 S1 0.44 − 0.01 500.9 0.53 39
S2 0.45 0.02 518.5 0.49 41
S3 0.46 − 0.01 468.4 0.77 21

0.02 S1 0.45 − 0.02 500.7 0.53 39
S2 0.45 0.02 518.9 0.49 40
S3 0.45 − 0.06 466.6 0.80 22

0.03 S1 0.45 − 0.01 500.5 0.52 37
S2 0.45 0.02 518.9 0.49 41
S3 0.45 − 0.01 466.9 0.78 22

0.04 S1 0.45 − 0.01 499.2 0.56 38
S2 0.45 0.01 518.2 0.49 38
S3 0.44 − 0.01 463.4 0.79 24

0.05 S1 0.44 − 0.02 496.2 0.54 31
S2 0.44 0.01 517.6 0.52 46
S3 0.44 − 0.02 460.1 0.82 24

Table 5   The values of an 
average radius of nanoparticles 
r, magnetic anisotropy K and 
blocking temperature TB of 
Mn0.5Fe2−xCexO4samples

x r, nm K, J/m3 TB, K

0.01 6.0 1.8 × 103 380
0.02 5.0 3.0 × 103 370
0.03 4.5 4.2 × 103 370
0.04 4.0 5.6 × 103 350
0.05 2.5 2.2 × 104 340

https://doi.org/10.1007/s10948-018-4752-2
https://doi.org/10.1007/s10948-018-4752-2

	X-ray photoelectron spectroscopy and low temperature Mössbauer study of Ce3+ substituted MnFe2O4
	Abstract
	1 Introduction
	2 Experimental
	3 Result and discussion
	3.1 Structural analysis
	3.2 Particle size analysis by TEM micrographs
	3.3 X-ray photoelectron spectroscopy
	3.4 Mössbauer spectroscopy analysis

	4 Conclusions
	Acknowledgements 
	References




