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A B S T R A C T   

The electronic structure and magnetic properties of Ce0⋅95Fe0⋅05O2 thin film (Fe-CeO2 TF) were studied in the 
present work. The fabrication of 5% Fe-CeO2 TF on the LaAlO3 (LAO) (h00) substrate was performed using 
pulsed laser deposition (PLD) technique at 200mTorr oxygen partial pressure. Carefully deposited films were 
characterized through x-ray diffraction (XRD), atomic force microscopy (AFM), near edge x-ray absorption fine 
structure (NEXAFS) spectroscopy, and dc-magnetization measurements. XRD results indicated the polycrystalline 
nature of the film and showed that the film was grown along (220) preferred orientation. The AFM analysis 
revealed that the average surface roughness was found to increase for Fe-CeO2 TF as compared with undoped 
CeO2TF. The NEXAFS spectral analysis revealed the formation of oxygen vacancies and reduction in valence state 
of Ce from +4 to +3. These outcomes evidently supported the formation of oxygen vacancies because the 
reduction of valence state of Ce is known to be accompanied with generation of oxygen vacancies. The dc- 
magnetization measurements showed room-temperature ferromagnetism in the doped films with Tc = ~300 K.   

1. Introduction 

The emerging spintronic-based technology like non-volatile mem-
ory, nano-electronics etc has opened doors for researchers to exploit the 
magnetic traits of the dilute magnetic semiconductors (DMS) and other 
systems like (Ga, N) Mn, NiF, Mn2Sn, Ni2MnGa etc [1–13]. Highly dense 
thin films of such materials have also gained attention due to their po-
tential applications in magneto-optical devices. These prospects have 
motivated the researchers to search new materials which can be utilized 
to manufacture modern-day spintronic devises. Lately, the interest has 
been developed in the investigation of CeO2 TFs, because reduced CeO2 
surface acquires plenty of mixed Ce states (Ce3+/Ce4+), enough to make 
a material ferromagnetic [14]. A number of previous findings have 
associated the reduction of valence state of Ce with the creation of ox-
ygen vacancies which participate in the spin localization, and upsurge 
the density of states at fermi level. This acquaints the CeO2 with sig-
nificant magnetic moment which may enable it to become a functional 

material for spintronic applications such as data storage, spin valves, 
sensors, non-volatile magnetic memory etc. [15]. Alongside, CeO2 has 
widely been considered as a potential candidate for the constructive 
improvement in the surface properties due to their easy reducibility. As 
a matter of fact, ceria is a very interesting material in terms of their 
properties like oxygen storage capacity, high dielectric constant (ϵ = 26) 
etc. It exhibits quickly interchangeable dual valence states by under-
going oxidation and reduction processes that can be utilized expediently 
to manipulate the properties like structural, optical, magnetic and many 
other [16]. In the pure form, CeO2 possesses cubic fluorite structure that 
upholds the stoichiometric deviations. This proves to be advantageous 
when CeO2 is doped with small fraction of transition metal ions, they are 
anticipated to enhance their properties without distorting the original 
structure. Hence, transition metal doped CeO2 constitute a prospective 
dilute magnetic semiconductor (DMS) oxide that might be utilized in 
various above-mentioned applications. There are numerous speculations 
behind the actual cause of augmentation of properties of transition 
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metal doped CeO2. Several groups of researchers have synthesized 
different structures of pure and transition metal doped CeO2 and 
investigated their properties for significant modifications [17]. Chuan-
hui Xia et al. have synthesized and analysed Mn doped CeO2 nanorods 
and determined enhanced magnetization and photo absorption [18]. 
Likewise, oxygen storage capacity has been found to be enhanced in 
ultrathin films of CeO2 as reported by Gopal Balaji et al. [19]. Similarly, 
doping of transition metal ions into CeO2 matrix have been found to 
optimize the various properties of CeO2 [20–22]. Hence, these reported 
works ascertain that the doping of transition metals in CeO2 nano-
structures enhance their properties. 

Moreover, out of the various structures, thin films have been 
considered of great significance due to their high surface to volume 
ratio, densification, and formation of ideal grain boundaries. The well- 
defined grain boundaries develop a good interface microstructure for 
the domain formation which determines the ferromagnetic character-
istics of the material. Whereas, high surface to volume ratio allows the 
accumulation of the heavier ions on the surface disposing it for re-
actions. Besides, these investigations have also found the traces of ox-
ygen vacancies in the samples and thereby approving them as the 
foremost cause of the enhancing properties of the material. In CeO2, the 
formation of oxygen vacancies leads to the reduction of cerium from +4 
(CeO2) state to +3 (Ce2O3) state, where Ce3+, being bigger ions, floats 
onto the surface as a common behaviour. Therefore, the creation of 
oxygen vacancies not only enhances the oxygen storage capacity of the 
material but also enhances the efficiency of the surface to react with the 
surrounding environment. In addition, the easy exchange of oxidation 
states from +4 to +3 in CeO2 due to unoccupied 4f states, makes this 
compound more susceptible to the oxygen vacancy formation. 
Furthermore, when a transition metal ion such as Fe2+ or Fe3+ is doped 
into CeO2, it substitutes Ce4+ and liberates oxygen which may take the 
position in interstitial lattice sites probably because of smaller ionic state 
as well as the ionic size of Fe2+ (0.74 Å) as compared to that of Ce4+

(0.97 Å) [15,23–27]. 
Therefore, in order to understand the role of oxygen vacancies and 

transition metal ions on the materials properties, in this work, we have 
fabricated Fe doped CeO2 thin films, with 5% concentration of Fe ions, 
on LAO [h00] substrate by PLD technique at 200mTorr oxygen partial 
pressure and employed with multiple characterization techniques for 
analyses. The growth of the thin films along a particular orientation 
have been studied using XRD. The surface morphology was studied 
through AFM. The NEXAFS spectroscopy study was done to investigate 
the change in the oxidation state of the Ce ions and the valence state of 
doped iron and the ferromagnetic response was measured using dc 
magnetization. 

2. Materials and methods 

The Fe-CeO2 TF was grown on LAO (h00) substrate by using PLD 
technique. The bulk targets of circular shape with 2.5 cm in diameter 
were prepared by solid state reaction technique by applying a pressure 
of 5 tons. Thus, prepared pallets were sintered for 12 h at 1200 ◦C. After 
sintering, the pallets were used as the targets while growing the film 
inside the PLD deposition chamber. The high-density bulk targets were 
studied through XRD to determine the single-phase nature. The LAO 
substrates were sterilized using acetone and distilled water several times 
before the film deposition followed by heating for 1 h. The cleaned 
substrates were placed inside the vacuum chamber. The film target was 
fixed on a rotating holder at a distance of 5 cm from the substrate. The 
process took place at 200mTorr oxygen partial pressure. The target was 
kept rotating during the process in order to obtain uniform deposition. A 
pulsed excimer laser (KrF: λ = 248 nm) with a pulse duration of 20 ns 
and pulse repetition rate of 10 Hz was used to ablate the target. The 
temperature of the substrate was kept at 650 ◦C during deposition. After 
30 min, when the film was deposited, the chamber was cooled down to 
room temperature at the rate of 5 ◦C/min. 

After the successful growth, the films were studied through various 
characterization techniques. The single-phase polycrystalline nature 
was analysed through XRD with Cu-Kα radiation (λ = 1.5406 Å) in θ–2θ 
mode. Bruker Multimode 8 atomic force microscope was used to analyse 
the surface morphology. The AFM micrographs were analysed using 
Nanoscope 1.5. The magnetic response of the films was studied by 
commercial quantum design physical property measurement system 
(PPMS- 6000). The NEXAFS spectra were obtained at 10D XAS KIST 
(Korea institute of Science and Technology) beamline situated in Pohang 
Accelerator Laboratory (PAL) [28,29]. 

3. Results and discussion 

3.1. XRD analysis 

Fig. 1 displays the XRD patterns of 5% Fe-CeO2 TF along with the 
patterns of LAO substrate. The XRD patterns show that Fe doped CeO2 
has grown on the LAO substrate with preferred orientations. The LAO 
patterns show two peaks designated by LAO (200) and LAO (300) 
belonging to the (h00) family of planes of LAO [30]. 

The peak positions, designated by F (111), F (200), F (220) and F 
(331), are in accordance with the pure CeO2 which rules out the for-
mation of any secondary phases [21]. This signifies that Fe2+ ions have 
well substituted the Ce4+ ions in the host lattice. The patterns of the film, 
further, show two peaks with significant intensity indicating poly-
crystalline nature of the film. These fine peaks indicate the good 
texturing of the film with a small value of FWHM (0.0486◦) pointing 
towards utterly grown crystallites. The planer orientations of the film 
have been designated by F (hkl) which is consistent with cubic fluorite 
structure (Space group: Fm3m) of pure CeO2 [31]. The peak F (220) 
exhibits maximum intensity, suggesting the preferred planer orientation 
of the deposited film along LAO (200) at a 2θ value of 48◦. The sec-
ondary peaks due to metallic iron, iron cluster or any other crystalline 
impurity have not been identified indicating single phase nature of the 
film. These outcomes suggest that the Fe ions have been completely 
diluted in the CeO2 lattice with Fe2+ ions successfully substituted Ce4+

ions in the host lattice. 

3.2. AFM analysis 

Atomic force microscopy (AFM) is an excellent high-resolution sur-
face imaging technique routinely used for topographic analysis of the 

Fig. 1. XRD spectra of 5% Fe-CeO2 TF and LaAlO3 (LAO) substrate.  
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thin films. Here, we have used AFM imaging technique for studying the 
roughness of film due to its high resolution in nano-meter to the 
angstrom range. Before scanning the 1 μm × 1 μm area, we have first 
scanned 10 μm × 10 μm area to confirm even surface coverage and to 
elude the contaminated area. Fig. 2(a–d) highlights the 2D and 3D mi-
crographs obtained using AFM for undoped CeO2 and Fe-CeO2 TFs. The 
inset in Fig. 2(a–b) shows the AFM image obtained by scanning area of 1 
μm × 1 μm for undoped and Fe doped CeO2 films. The surface 
morphology of films was recorded in tapping mode using commercial 
silicon cantilevers and all these micrographs were recorded in air. The 
AFM images show the dense, and uniform grain distribution. It can be 
seen from the AFM image that surface of undoped film is flat with nearly 
isotropic nano-sized islands. However, it is observed that the surface 
morphology of Fe doped CeO2 films changed drastically. The AFM image 
of Fe doped CeO2 film inferring a spindle like structure on the film 
surface, which might be formed due to the elongation of surface islands. 
Moreover, these spindle like structure on the film surface are not 
dispersed separately, but are connected and overlapped with each other, 
constructing a surface structure similar to interwoven twill [32]. The 
similar interwoven structures have been reported on the surface of CeO2 
films deposited on single crystal YZS (001) substrate using magnetron 
sputtering. Trtik et al. also observed similar interwoven structures 
morphology of CeO2 thin film epitaxial grown on yttria-stabilized zir-
conia/Si(0 0 1) substrate [33]. 

Surface structure plays a very important role in defining the in-
teractions of a material with its external environment, therefore, in 
order to compare the nanostructures on the surface, there is requirement 
of quantifiable, descriptive parameters. There are various parameters 
existing in the literature used for describing the roughness. However, it 
is found that mostly two of these parameters such as average surface 
roughness (Ra) and root mean square roughness (Rq) have been used to 

explain the roughness of the films. Here, in order to quantitatively 
evaluate roughness, we have used seven statistical parameters such as 
average surface roughness (Ra), root mean squared surface roughness 
(Rq), maximum surface roughness (Rmax), surface area increase (Rsa), 
and peak counts (Rpc), for the topographic analysis of the undoped and 
Fe doped CeO2 films. The remaining two parameters are Rskw and Rkur, 
which give the measure of skewness and kurtosis of the height distri-
bution histogram. The higher values of Rskw and Rkur tell about the 
smoothening of the surface. 

Among these parameters, the vertical dimensions of the surface have 
been defined using the roughness parameters Ra, Rq, and Rmax, while the 
others (Rsa and Rpc) describe its horizontal dimensions which give in-
formation about the density of distribution of peaks. 

The average value of the surface height variables z(xi, yj) of grains 
with relative to the center plane is explained using roughness average 
(Ra). The roughness average at a particular point, the height z (xi, yj) in 
an area contain n × n points, is defined as [28,34]: 

Ra =
∑n
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⃒
⃒
⃒
⃒
z
(
xi, yj

)
− 〈h

(
xi, yj

)
〉

n

⃒
⃒
⃒
⃒ (1)  
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calculated as 
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The standard deviation of the surface height within the given area 
and at a height z (xi,yj) of grains is represented by root mean square 
roughness (Rq). The RMS is defined as: 

Fig. 2. Atomic force microscopy micrographs (a) 2D micrograph of undoped CeO2 TF. Inset in Fig. 2(a) shows the high resolution micrograph of undoped CeO2 TF. 
(b) 2D micrograph of Fe-CeO2 TF. Inset in Fig. 2(b) shows the high resolution micrograph of Fe-CeO2 TF. (C) 3D micrograph of undoped CeO2 TF. (b) 3D micrograph 
of 5% Fe-CeO2 TF. 
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The Rmax is defined as the difference between the highest and lowest 
points on a surface and can be significantly affected by the surface 
damage or contamination. Various parameters calculated using the AFM 
analysis are shown in Table 1. It is observed that the Fe doped CeO2 film 
shows the highest average Ra compare to the undoped film. Moreover, 
the Rq and Rmax also followed the similar trend. Surface area difference 
(Rsa) was also determined to study the effect of Fe doping on the increase 
in the surface between the actual surface area and the projected area. It 
is observed that Fe doped CeO2 film shows the largest increase in the 
surface area which is in analogues to the roughness parameters. The 
peak counts (Rpc) were also found to increase for Fe doped thin films, 
which indicates that the size of the peaks decreases with doping. Various 
parameters used to study the topography infer that the roughness in-
crease with Fe doping in CeO2 films. In addition, the values of Rskw and 
Rkur have been found to be reduced when CeO2 matrix is doped with Fe 
ions. However, these values show an increase when area of observance is 
increased from 1 μm × 1 μm–5 μm × 5 μm. This shows that the skewness 
and kurtosis of the height distribution histograms depends strongly on 
the area of observance. 

Furthermore, the particle density (not shown here) and roughness of 
the films have also been measured for an area of 1 μm × 1 μm and 5 μm 
× 5 μm. Thus, the required parameters as proposed by Webb et al. [35] 
have been displayed in Table 1 which completely describes the surface 
properties of the deposited thin films. The parameters indicate that 
particle density has been found to increases with doping, whereas, it 
decreases as the area of observance increase. However, the area under 
consideration does not affect the roughness, but it has been found to 
enhance as a consequence of doping process. However, aside from the 
doping accomplishments, the experimental conditions during film 
deposition cannot be ignored which affect the surface roughness [35]. 
Nonetheless, for the similar deposition conditions, the dopant concen-
tration has been found to not only affect the structural parameters but 
also the nature of the film surface. 

3.3. NEXAFS analysis 

In order to overcome the limitations of XRD analysis which is 
confined to the determination of purity and crystallinity of the material, 
NEXAFS spectroscopy analysis has been carried to extract comprehen-
sive information about the absorbing ion as well as the slightest devia-
tion in the electronic structure of the doped film. The NEXAFS 
spectroscopic technique is an effective method for the determination of 
the oxidation state, the local atomic structure and ligand environment 
around the probed ions in the DMS oxide systems. The edge energies of 
the NEXAFS spectra give information about the oxidation state of the 
absorbing ion. Hence, the changing edge energies reveal the changing 
oxidation state of the probed ion. The position and intensity of the 
spectral features provide acquaintance of the coordination number and 

geometry of the compound [36–38]. 
Fe L3,2 edge: Fig. 3 shows the Fe L3,2 edge features of Fe-CeO2 TF 

accompanied by the reference spectra of Fe2O3 and Fe3O4. The reference 
spectra of FeO has been shown in the inset of Fig. 3. The Fe L3,2 edge 
spectra have been obtained as a result of the transitions from Fe 2p3/2 
and Fe 2p1/2 orbitals respectively to Fe 3d orbitals in the range of 700 
eV–750 eV which lies in between that of K and M edge transitions [39]. 
Further, the 2p core hole potentials with a short core-hole lifetime 
originate the splitting of L3 and L2 individual peaks into well-defined 
doublets t2g and eg labelled as a (708.4 eV), b (710 eV) and c (722 
eV), d (723.4 eV), respectively. The short core-hole lifetime influences 
the broadening giving rise to sharp edges of the spectra. To find the 
oxidation state of Fe in the Fe –CeO2 TF, their spectra has been compared 
with those of reference spectra. It is be observed that the doublets of L3 
(a, b) and L2 (c, d) are well separated in the spectra of Fe2O3 (Fe+3), 
whereas, in the spectra of FeO (Fe+2), the shoulder peak-a almost dis-
appears. On the other hand, the spectra of Fe3O4 (Fe+2/Fe+3) resembles 
perfectly to that of the Fe-CeO2 TF having same edge energies which 
indicates that Fe has been dissolved into mixed valence state into CeO2 
lattice. These outcomes further rule out the formation of any other 
phases of Fe or Fe clusters into Fe doped CeO2 thin film. 

Ce M5,4 edge: The Ce M5,4 edge spectra have been demonstrated in 
Fig. 4(a) in the energy range 870–910 eV along with that of undoped 
CeO2. As we have investigated from Fe L3,2 edge analysis that Fe has 
been dissolved into CeO2 in mixed valence state which means that Fe2+/ 
Fe3+ ions replace Ce4+ ions in the host lattice. Therefore, in Fe doped 
CeO2, charge compensation must be provided necessarily. Besides it has 
been reported by various group of researchers that the substitution of a 
transition metal cation in place of a host cation causes the generation of 
oxygen vacancies [40]. These oxygen vacancies trap electrons and 
interact locally with Fe2+/Fe3+ and Ce3+ in order to preserve the 
oxidation state of Ce to +4 in the lattice. The Ce M5,4 - edge spectral 
features originate due to the transitions from Ce 3d core states to higher 
unoccupied Ce 4f states. The splitting of spectra into M5 and M4 edges 
has been caused by the crystal field splitting of Ce 3d into Ce 3d5/2 and 
3d3/2. The M5 and M4 spectra peaks have been obtained at 880 eV and 
898 eV with a splitting of 18 eV. The sharp edges can be easily viewed 
from the first derivative plot exhibited in the upper stack of Fig. 4(a). 
The first derivative provides the qualitative evaluation of the peak. Both 

Table 1 
Various atomic force microscopy roughness parameters such as: average surface 
roughness (Ra), root mean squared surface roughness (Rq), maximum surface 
roughness (Rmax), skewness (Rskw), kurtosis (Rkur), surface area increase (Rsa), 
and peak counts (Rpc).   

Scan 
area 

Ra 

(nm) 
Rq 

(nm) 
Rmax 

(nm) 
Rskw Rkur Rsa 

(%) 
Rpc 

CeO2 1 μm2 1.21 1.71 23.5 2.72 3.83 0.63 134 
25 
μm2 

5.32 8.16 59.8 2.45 9.26 2.26 549 

Fe- 
CeO2 

TF 

1 μm2 1.38 1.74 8.6 0.24 4.03 5.29 1026 
25 
μm2 

6.60 9.42 62.0 2.11 7.23 2.60 1464  Fig. 3. Fe L3,2 edge spectra of 5% Fe-CeO2 TF along with reference spectra of 
Fe2O3 and Fe3O4; (inset: reference spectra of FeO). 
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the edges possess satellite structures of small intensity on the right side 
of the main peak with a difference of nearly 5 eV which may be evolved 
due to the weak transitions to Ce 4f antibonding states [29]. By 
comparing the spectra of Fe-CeO2 TF with that of undoped CeO2, it has 
been observed that spectral positions and the configurations of the two 
spectra resembles perfectly suggesting that the oxidation state of Ce 
remains +4 in the doped thin film. Therefore, it could be expected that 
the tetrahedral configuration of Ce in undoped CeO2 has been preserved 
in Fe-CeO2 TF. 

O K edge: The O K edge spectra of Fe-CeO2 TF has been displayed in 
Fig. 4(b) along with that of reference spectra of undoped CeO2 in the 
energy range 520–550 eV. The graph is constituted of three stacks- 
lower, middle and upper. The well separated spectra of undoped and 
doped CeO2 has been shown in lower stack. The middle stack shows the 
normalized spectra, while the upper stack shows the first derivative of 
both the samples. The spectral features arise due to the transitions from 
O 1s core states to unoccupied Ce 4f, 5d states through hybridization 
with O 2p states. The unoccupied Ce 4f states constitute the bottom of 
the conduction band, while Ce 5d states constitute the higher 

unoccupied states of the valence band. The first peak labelled as a (526 
eV) has been assigned to the transitions to Ce 4f 0 states, while the next 
two peaks labelled as b1 (529 eV) and b2 (534 eV) have been assigned to 
the transitions to Ce 5d states which split into two peaks i.e. 5d-t2g and 
5d-eg states owing to crystal field splitting effects. These two distinct 
peaks b1 and b2 correspond to the transitions to 5d5/2 and 5d3/2 orbitals 
respectively [41]. It is realized here that the splitting in the spectra of 
undoped and Fe doped CeO2 is nearly same, therefore, crystal field ef-
fects are not likely to be dominated by the Fe doping. A small feature 
appears near 540 eV, is marked as c. Furthermore, the spectral config-
uration of O K edge spectra of Fe-CeO2 TF appears to be similar to that of 
undoped CeO2 with a slight shift of 0.18eV. The complete resemblance 
of the spectra of Fe-CeO2 TF to that of undoped CeO2 indicates to the fact 
that majority of Ce ions are in +4 oxidation state in doped thin film. 
However, the slight increase in edge energy points towards the reduc-
tion in the oxidation state of a small concentration of Ce ions. This 
happens because when Fe2+/Fe3+ ions of smaller ionic size and lesser 
oxidation state substitutes the Ce4+ ions in fluorite lattice, then the ox-
ygen vacancies are created and the bound electrons get delocalized. 

Fig. 4. (a) Ce M5,4 edge spectra of 5% Fe-CeO2 TF along with reference spectra of undoped CeO2; (b) O K edge spectra of 5% Fe-CeO2 TF along with reference spectra 
of undoped CeO2 (top stack: first derivative of the respective spectra); (c) Gaussian fit of Ce 4f states; (d) O K edge spectra of undoped CeO2 and 5% Fe-CeO2 TF along 
with reference spectra of FeO, Fe2O3 and Fe3O4. 
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These delocalized electrons, further, either may get trapped into va-
cancies or may contribute to the conduction current. Thus, formation of 
oxygen vacancies leads to the reduction in valence state of small amount 
of the Ce ions in the host lattice. 

Further, the first derivatives of the O K-edge spectrum of Fe-CeO2 TF 
have been compared with that of the undoped CeO2. The slightly real-
located absorption edges can be clearly seen indicating small reduction 
in the valence state of Ce. In addition, the intensity and peak width of the 
spectra of thin film has also been reduced with Fe doping which is 
clearly visible in the normalized spectra. Since the intensity of a NEXAFS 
spectra is a direct measure of the unoccupied states, the reduced in-
tensity indicates towards the filling of unoccupied states in the con-
duction band, thereby revealing the reduction in the valence state of Ce 
and formation of oxygen vacancies in the host lattice. 

The concentration of unoccupied Ce 4f states in conduction band can 
be determined by calculating the area under the curve of peak-a as 
shown in Fig. 4(c). In addition, a broad continuum spectral feature with 
negligible intensity have also been identified denoted by peak c (539 eV) 
which have been assigned to the transitions to extended unoccupied f- 
states in the top of the conduction band. Furthermore, we have also 
compared the spectra of Fe-CeO2 TF with those of reference spectra of 
FeO, Fe2O3 and Fe3O4 as demonstrated in Fig. 4(d). No similarity in the 
peak positions or features was observed between the spectra of thin film 
and the reference compounds which lead to the rejection of the forma-
tion of Fe clusters or iron oxides in the film. These results are quite 
similar to some earlier reported results in which the NEXAFS analysis of 
O K edge have shown a little or no variation in the ligand structure of the 
host cation on doping with different elements [29,38]. 

3.4. dc - magnetization 

The magnetic hysteresis loop of Fe-CeO2 TF has been displayed in 
Fig. 5 which was recorded in the applied field range ±4000 Oe at 300 K. 
The saturation has been attained by the curve above 4000 Oe. The low 
field M-H loop is shown as inset in Fig. 5. The diamagnetic response of 
the substrate holder has been subtracted. The hysteresis clearly indicates 
the ferromagnetic behaviour of the film which is certainly due to the 
formation of ferromagnetic domains. The various magnetic parameters 
such as: remnant magnetization (Mr), coercivity (Hc) and the saturation 
magnetization (Ms) calculated using M-H loos were found 5.0 × 10− 5 

emu/cm3, 63.2 Oe and 6.4 × 10− 4 emu/cm3, respectively. The satura-
tion of the magnetization was determined by plotting M Vs 1/H (not 

shown here). This value is in good agreement with some earlier reported 
results for doped CeO2 [18]. 

Lee and his co-workers have reported a maximum saturation 
magnetization of 0.006 emu/g for 9% La doped CeO2 which decreased 
with increasing doping concentration [42]. Here, nearly same saturation 
has been obtained for 5% Fe dopant content. Yang et. al. have also re-
ported a relatively large saturation of 1.12 μB/Mn as compared to other 
dopant ions [27]. Here in this work, with Fe dopant ions, Ms = 6.4 ×
10− 4 emu/cm3 has been obtained at a relatively lower dopant concen-
tration as 5%, comprising 3.19 × 10− 6μB/Fe which is not very large but 
similar to some already reported work by Li et. al. [14]. Although these 
values are quite small as compared to 15.6 emu/cm3 as measured for Mn 
doped TiO2 thin film [43], nonetheless, originate a weak room tem-
perature ferromagnetism with a magnetic susceptibility of the order of 
10− 6. Further, the temperature dependent behaviour of magnetization 
has been studied. Fig. 6 shows the magnetization vs temperature (M-T) 
and inverse susceptibility vs temperature (χ− 1 - T) plot. The M-T curve 
was measured in the field cooled mode. In this process the sample was 
cooled in presence of 1000 Oe field and then the magnetization was 
recorded during heating up cycle. It can be seen from the M-T curve that 
the magnetization decreases with increase in temperature. The inverse 
susceptibility vs temperature curve was used to estimate the Curie 
temperature (TC) of Fe-CeO2 TF. In order to calculate the TC, the higher 
temperature region of χ− 1 - T plot was linearly fitted and then extrap-
olated on x-axis. It is found that Fe-CeO2 TF demonstrate the Curie 
temperature (TC) ~300 K. 

Since the undoped CeO2 is a non-magnetic oxide, the value of mag-
netic moment points towards the role of magnetic dopant ions (Fe2+) 
into non-magnetic CeO2. The spins of the unpaired electrons present in 
Fe - ions direct the spins of neighbouring ions, making the material 
ferromagnetic in nature. However, by comparing the magnetic moment 
due to Fe ions with that of total saturation, it can be stated here that the 
contribution of Fe ions to the total saturation magnetization of the 
material is very small. Therefore, there must be other elements which 
participate in enhancing ferromagnetism, excluding the Fe clusters or 
any other phases of iron that has been ruled out by XRD investigation. 
This directs us towards the formation of oxygen vacancies that has been 
confirmed from the analysis via XAS technique which evidences that in 
addition to the magnetic Fe2+ ions; oxygen vacancies and Ce3+ ions also 
contribute towards the alignment of spins in the local environment. The 
oxygen vacancies trap the electrons and form bound magnetic polarons 
causing alignment of the neighbouring spins. Thus, ferromagnetic assets 
of the compound may be associated with the formation of bound 

Fig. 5. M-H hysteresis loops for 5% Fe-CeO2 TF. Inset shows the low filed M-H 
loop of 5% Fe-CeO2 TF. 

Fig. 6. Magnetization vs temperature (M – T) and inverse susceptibility vs 
temperature (1/χ Vs T) plot of 5% Fe-CeO2 TF. 
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magnetic polarons (BMPs) [44]. The ferromagnetic behaviour may also 
be attributed to the presence of mixed valence states of Fe2+/Fe3+ ions 
as suggested by Coey et. al. [45]which have been found to be present in 
Fe-CeO2 TF as determined by Fe L3,2 NEXAFS analysis. Further, the Ce3+

ions accumulate near or at the surface, and the presence of Ce3+ ions on 
the surface enhances the hybridization between O 2p and Ce 4f for 
charge compensation and bring about the room temperature ferromag-
netism in the film [14]. Therefore, this might be suggested here that in 
addition to Fe2+ ions, there are other factors such as oxygen vacancies, 
mixed valence states of Fe and reduced cerium that may be responsible 
for the room temperature ferromagnetism in Fe-CeO2 TF. Further, the 
ferromagnetic behaviour has been found to increase with decreasing 
temperature from 300 K to 10 K which affirms that the increasing 
temperature destroys the ferromagnetism of the material. 

4. Conclusions 

We have successfully deposited Fe-CeO2 TF on LAO (h00) substrate 
through PLD technique. XRD results confirmed the single-phase poly-
crystalline nature of the thin films with cubic fluorite structure along 
with preferred orientations. AFM micrographs clearly showed the effect 
of doping on the surface structures of the film. The roughness of the 
surface determined through analysis of AFM micrographs was found to 
be enhanced with Fe-doping. The structural analysis confirmed the well 
substitution of Fe2+ ions in place of Ce4+ host cation. The NEXAFS 
spectra revealed the mixed valence states (Fe2+/Fe3+) of Fe in doped 
thin film, while Ce remain to be in +4 oxidation state. M-H hysteresis 
loop validates the room-temperature ferromagnetic behaviour of pure 
and Fe-CeO2 TF with Tc = ~300 K. 
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