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Abstract 

Pure and 5 mol% Eu doped nickel oxide (NiO) nanoparticles were synthesized by 

microwave-assisted hydrothermal method. X-ray diffraction and Rietveld refinement analysis 

confirmed the phase and purity of prepared nanoparticles. Scanning electron microscopy 

analysis revealed that the undoped nanoparticles are porous flake-like structures while the 

doped samples were aggregated. X-ray photoelectron spectroscopy analysis disclosed that Eu 

doping increases hole concentration, Ni2+ vacancies, and defective oxygen concentration in 

the nanoparticles. The magnetic analysis shows the presence of weak ferromagnetism in 

lower fields of the undoped nanoparticles. On doping with Eu, the ferromagnetic behavior 

increases due to increased oxygen defects and uncompensated surface spins. Raman 

spectroscopy investigation shows the absence of 2M vibrational mode and reduced 

antiferromagnetic coupling in the prepared samples. It also substantiated the presence of 

defects in the prepared samples. Eu doping produced local vibrations that overlap with SO 

mode of NiO and shifting of 1M band due to its higher mass. Eu dopant can modify the 

magnetic property of NiO nanoparticles that can be used in spintronic applications. 

Key words: Nickel oxide, Europium, defects, ferromagnetism, Raman spectroscopy. 

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0925838820340032
Manuscript_7a75c5ff0a3d1ae0f8ef33169a0c0ec0

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0925838820340032
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0925838820340032


2 

 

1. Introduction 

Nanoparticles are extensively studied since they exhibit highly attractive and unusual 

properties, due to the more significant surface electrons and surface and interface effects than 

the bulk materials [1]. Nickel oxide (NiO) is an extensively studied magnetic material since it 

manifests room temperature antiferromagnetic behaviour with high Neel temperature (TN = 

523 K) in bulk form. But, when the particle size is reduced to the nanoscale regime, NiO 

shows unique and exciting properties like high charge mobility, high sensing, good 

photocatalytic activity, etc. [2-5]. The remarkable change in properties is due to the quantum 

size effect, surface effect, shape, and volume effects [6, 7]. When doped with other metals, 

like Mn, Fe, Cu, Ce, etc., NiO nanoparticles show drastic changes in the magnetic and optical 

properties [8-11]. Also, the synthesis route can cause considerable changes in the electronic 

structure of NiO nanoparticles [12, 13]. Hence, NiO nanoparticles of various size, shape, and 

different dopants have been synthesized by different methods, and its potential application in 

numerous fields have been studied [8, 14-18]. Since the rare earth elements possess partially 

filled 4f orbitals, these elements can be utilized as dopants to modulate NiO nanoparticles 

[19-23]. The structural, magnetic, optical, and dielectric behaviour of rare earth (Y, Pr, Sm, 

Gd, and Er) doped NiO nanoparticles were extensively studied by Al Boukhari et al. [11, 21-

24]. Their investigation shows that rare earth doping increases the bandgap, dielectric 

constant, electrical conductivities, and magnetization in NiO nanoparticles. However, the 

effect of such dopants on the vibrational properties of the NiO nanoparticles was not 

reported. Naseem Siddique et al. have synthesized Ce3+ doped NiO nanoparticles by sol-gel 

method and explored the optical and magnetic properties [25]. They have reported that Ce3+ 

doping produces defects that shift and broaden the 1LO and 2LO vibration modes and 

suppresses the 2M magnon mode. Chauhan et al. have investigated the effect of Nd3+ dopant 
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on the optical properties of NiO nanoparticles prepared by the sol-gel method and reported 

the possible application for optical glucose sensors [20]. 

In all the reports mentioned above, weak ferromagnetism has been observed in the NiO 

nanoparticles when doped with rare earth elements. The origin of such weak ferromagnetism 

has been attributed to the presence of Ni vacancy, and photoluminescence results 

substantiated it. Among the rare earth metals, Europium (Eu) is known to be the most 

reactive one. It can exist as Eu3+ or Eu2+ in compounds. Eu2+ is formed in reduced conditions, 

and Eu3+ is known to exist as a more stable state in most compounds [26]. Goumri-Said et al. 

have investigated, theoretically and experimentally, the effect of Eu doping on the optical 

properties and crystal structure of NiO thin films [27]. It was found that the incorporation of 

Eu produced changes in the polarization of NiO, which affects the magnetic moment.  

Microwave-assisted hydrothermal method is known for the rapid synthesis rate, increased 

chemical kinetics, higher yield, etc. [16, 28].  We have successfully synthesized pure and 5 

mol% Eu-doped NiO nanoparticles by microwave assisted hydrothermal method in the 

present work. We have concentrated on investigating the effect of Eu doping on the 

vibrational and magnetic properties of NiO nanoparticles. The crystal structure, chemical 

state of the constituent elements, and morphology of the prepared nanoparticles were also 

examined. 

2. Experimental details 

2.1 Synthesis of the nanoparticles 

Commercially available nickel acetate tetrahydrate (Ni(CH3COO)2.4H2O) (Alfa Aesar, 98%), 

Sodium hydroxide (NaOH) (Alfa Aesar, 98%), and Europium acetate (Eu(CH3COO)3) 

(Sigma Aldrich, 99.9%) were used without further purification as precursors for the synthesis 

of the nanoparticles. Distilled water prepared in the laboratory was used throughout the 
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experiment. For the synthesis of nickel oxide (NiO) nanoparticles, Ni(CH3COO)2.4H2O and 

NaOH, in 1:2 molar ratio, were dissolved in 35 ml and 30 ml of distilled water, respectively. 

Then, the NaOH solution was added dropwise to Ni(CH3COO)2 solution under constant 

stirring. The obtained suspension was transferred to a 90 ml microwave reactor vessel and 

then placed on the turntable inside the microwave digestive system (CEM MARS 6) for 

uniform heating. At a heating rate of 5 °/min, the suspension was heated to 180 °C for 30 min 

and then allowed to cool naturally. The obtained product was washed with distilled water and 

ethanol several times by centrifugation to remove all unreacted ions from the products and 

dried in air at 180 °C for 3 hrs. It was then manually ground into a fine powder using agate 

mortar, secured using platinum crucible, and annealed in a muffle furnace at 400 °C for 3 hrs. 

The heating rate was kept constant at 5 °/min, and cooling was done naturally. 

For the synthesis of Eu doped NiO nanoparticles, 5 mol% of Eu(CH3COO)3 was used as Eu 

source, and a similar procedure was adopted. The obtained final products were NiO and 

Ni0.95E0.5O, respectively, and used for further characterizations.  

2.2 Characterization 

The phase and crystallinity of the synthesized nanoparticles were analyzed by the X-ray 

diffraction (XRD) technique using the PanAlytical X’pert Pro X-ray diffractometer having 

Cu Kα (λ = 1.5418 Å) source. The XRD patterns in the 2θ range of 20 - 90° were obtained at 

a step size of 0.025°/sec. Chemical oxidation states of the nanoparticles were investigated by 

X-ray photoelectron spectroscopy (XPS) (Kratos Axis Ultra DLD) with monochromatic Al 

Kα radiation (1486.8 eV). Before recording the spectra, the binding energies were calibrated 

with reference to adventitious carbon 1s peak at 284.6 ± 0.1 eV. The morphology and 

composition of the nanoparticles were examined by high-resolution field emission scanning 

electron microscopy (FE-SEM, Carl ZEISS-Ultra55) equipped with energy-dispersive X-ray 
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spectroscopy (EDS). Magnetization measurements were conducted using a superconducting 

quantum interference device (SQUID, Quantum design) magnetometer between a magnetic 

field of -60 to +60 kOe. Micro Raman spectra were obtained using LabRAM HR800 Raman 

spectrometer equipped with diode-pumped solid-state laser (Quantum MPC 6000) working at 

532 nm wavelength. The laser was operated at a power of 50 mW, and the spectra were 

obtained in the wavenumber range of 250 - 1600 cm-1. The instrument was calibrated 

concerning Si-Si vibration mode at 520 ± 0.25 cm-1. All measurements were performed at 

room temperature.  

3. Results and discussion 

3.1 Structure and morphological analysis 

Figure 1 shows the refined XRD patterns of the synthesized nanoparticles. The diffraction 

pattern of the undoped (NiO) and doped (Ni0.95E0.5O) samples show five distinct peaks. These 

peaks correspond to (111), (200), (220), (311), and (222) orientations of the FCC crystal 

structure that belongs to the Fm-3m space group [21, 25, 29]. The crystallinity and purity of 

the NiO nanoparticles can be confirmed from the high-intensity narrow peaks and the 

absence of impurity peaks. In the case of Ni0.95E0.5O nanoparticles, no characteristic peaks of 

Europium compounds can be found, suggesting that the Eu ions are successfully integrated 

into NiO lattice [21-23]. Rietveld analysis, done using the MAUD program [30], corroborates 

these observations. From the diffraction patterns, we can perceive that the Ni0.95E0.5O 

nanoparticles have broader peaks and relatively lower intensity than the pure NiO 

nanoparticle. This variation in intensity and peak width indicates that the crystallinity of the 

Ni0.95E0.5O nanoparticles has decreased compared to the undoped samples, which complies 

with the results reported in the literature [21-24]. 
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Likewise, it can be noticed that the relative intensity of the peaks corresponding to (311) and 

(222) orientations have decreased, which signifies that doping with Eu atoms disrupts the 

growth of NiO crystals along with those directions. While examining the peak positions, it 

was observed that the peaks corresponding to (111) and (200) orientations of the Ni0.95E0.5O 

nanoparticles have been shifted by 0.06° and 0.03°, respectively, towards the lower angle, 

compared to the pure NiO nanoparticles. Since the atomic radius of Eu3+ (0.0947 nm) is more 

significant than Ni2+ (0.069 nm), the lattice will undergo distortion on Eu substitution. The 

distortion in the lattice will cause tensile stress in the crystals, which causes the peak to shift 

towards the lower angle. Also, the peak shift towards the lower angle indicates that the lattice 

parameter has increased [25]. A standard LaB6 sample was used to determine the instrumental 

line broadening of each peak. The average crystallite size (D) of both the samples was 

calculated from the three high-intensity peaks, i.e., (111), (200), and (220), using the Scherrer 

equation given by [31], 

D = 
��

�����
                                                                       (1) 

where, the shape factor K = 0.9, λ is the wavelength of the X-ray, β is the full width half 

maximum (FWHM) at the Bragg angle θ. The lattice parameter (a) was estimated using the 

expression 2 [27] for the cubic crystal system, 
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where, d is the interplanar spacing, and h k l are the Miller indices. The lattice strain (ε) was 

estimated using equation 3 [31], 

ε = 
�

� ����
                                                     (3) 
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The estimated average crystallite size for the NiO and Ni0.95E0.5O samples were 13.45 and 

6.51 nm, respectively. The lattice strain was found to be 0.0066 and 0.0138 for the NiO and 

Ni0.95E0.5O nanoparticles, respectively. The calculated lattice parameter was 4.179 Å and 

4.184 Å, for the NiO and Ni0.95E0.5O nanoparticles. With the uncertainty of ±0.004 Å, the 

obtained values are in good agreement with reported literature [21-24]. It can be observed 

that Eu doping has decreased the lattice parameter value and reduced the crystallite size by 

50% as compared to the pure NiO nanoparticles. Similar results were reported when NiO 

nanoparticles were doped with other rare earth elements [21-25]. The decrease in size 

increases the surface area to volume ratio, which causes remarkable changes in the properties 

of the material [6, 7, 29, 32]. Rinaldi-Montes et al. have investigated the effect of NiO 

nanoparticles size on the TN by neutron diffraction experiment [33]. Their analysis shows that 

the TN of NiO nanoparticles decreases when the size is reduced. Popkov et al. reported that 

the decrease in the size of the NiO nanoparticles increases the ferromagnetic contribution. 

When the size of the nanoparticle is reduced, the fraction of surface atoms increases, which in 

turn increases the uncompensated surface spins  [34].  

Figure 2 shows the high magnification FE-SEM micrographs and the corresponding EDS 

spectra of the pure NiO and Ni0.95E0.5O nanostructures. The NiO nanoparticles (Figure 2(a)) 

were found to be perforated flakes of different shapes and various sizes with an average 

thickness of about 15 nm. Since the particles can be distinguished individually with clearly 

visible boundaries, their sizes can be determined from image analysis [35]. The size of the 

flakes varies from 30 to 230 nm, with the more significant number of particles being in the 90 

– 150 nm range. The average size of the particle was found to be 120 nm (Figure 2(e)). The 

size of the pores varies from 3 to 12 nm based on the size of the flakes. The larger size can be 

due to the aggregation of the crystallites during synthesis. This flake-like morphology 

observed in NiO nanoparticles synthesized by microwave-assisted route is due to oriented 
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attachment [17, 36]. Similar flake-like mesoporous NiO nanoparticles were prepared by 

Zhang et al. by hydrothermal method using nickel chloride as a precursor, and its potential 

application as NO2 gas sensor has been explored [18]. The relatively bigger size and porous 

structure compared to those reported in the literature can be attributed to longer synthesis 

time. The nucleation rate and growth of the NiO nanoflakes are augmented by microwaves 

during the synthesis. When exposed to microwave for a longer duration, the neighbouring 

nanoparticles aggregate and grow along a specific direction and form nanoflakes [17]. Thus, 

the porous structures might be due to the incomplete aggregation of the nanoparticles and 

perhaps the evaporation of water molecules during annealing in air. When doped with Eu, we 

can observe considerable changes in the morphology of the nanoparticles. The flake size 

appears to be reduced, and the particles are agglomerated, as seen in Figure 2(c). This non-

uniform shape and highly agglomerated morphology changes from almost uniform, and less 

agglomerated particles might minimise the surface energy [36]. Such accumulation of 

nanoparticles was also observed when NiO nanoparticles were doped with rare earth elements 

like Pr, Sm, Gd, Er, etc. [21-24]. These observations indicate that doping causes aggregation 

of the nanoparticles and increases the interaction between them. This accumulation might be 

prevented by using appropriate surfactants. Synthesis of NiO nanoparticles by wet chemical 

routes is characterised by a large number of Ni2+ vacancies and a higher surface to volume 

ratio [37]. The presence of defects greatly affects the electrical, magnetic, and properties of 

the oxide nanostructures [21-25].  

3.2 Compositional analysis 

EDS was performed over 30 μm × 30 μm to estimate the atomic percentage of constituent 

elements present in the samples. The EDS spectra (Figure 2(b) and (d)) confirms the presence 

of Ni and O elements in the prepared samples and the existence of the Eu element along with 

Ni and O in the doped sample. The atomic % of constituent elements present in the samples 
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are shown in the table given in the inset of each EDS spectra. The atomic percentage ratio of 

[Eu] to [Ni] was estimated to be 4.56 in the Ni0.95E0.5O sample, which is very close to the 

amount of dopant concentration (5 mol%) used during synthesis. Also, the absence of other 

elements confirms the phase purity of the prepared samples. 

The prepared nanoparticles were characterised by XPS, which gives the elemental 

composition and their oxidation states at a depth of a few atomic layers’ thicknesses from the 

surface. Figures 3 and 4 show the obtained core level XPS spectra of constituent elements 

present in the pure NiO and Ni0.95E0.5O samples. Peak fittings were carried out using 

CasaXPS software with Shirley’s background. The peaks were deconvoluted using the 

Gaussian-Lorentzian function. The details of the position, FWHM, and area of the peaks are 

summarised in Table 2.  

Due to the complexity of the 2p spectrum, it is challenging to analyse the chemical state of 

nickel oxide and nickel hydroxide [38]. In the present work, the oxidation states have been 

assigned from the binding energies of Ni 2p3/2 spectra, which is generally used as the 

fingerprint of NiO [39]. On deconvolution, the acquired core level spectra of Ni 2p3/2 yields 

four peaks, characteristic central peak with a shoulder at ~ 1.5 eV and two satellite peaks at a 

higher binding energy level [38, 39]. These peaks that are intrinsic for nickel oxide can be 

observed in both NiO and Ni0.95E0.5O samples (Figures 3(a) and 4(a)). The central peak at 

853.8 eV is due to the local screening effect, which gives rise to 3d9 ligand band hole at the 

core level site induced by the X-ray photons. The shoulder peak at 855.5 eV is due to the 

surface and non-local screening effects [38, 39]. The 2p core hole formation and the 

corresponding charge transfer process that causes screening of the core hole is accompanied 

by d-d transitions, which produces the shake-up peaks at 860.8 and 864.1 eV [40]. The 

deconvolution of the spectrum of Ni0.95E0.5O sample yields peaks located at 854.0, 855.7, 

861.1, and 865.1 eV. Thus, when doped with Eu, these peaks are shifted to a higher binding 
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energy side. Since the doping of Eu atoms distorts the lattice, it creates an asymmetry in the 

electron cloud over the neighbouring atoms. This changes the bond length and hence 

increases the binding energy [41]. We can also observe that the area of all the peaks has 

decreased by almost half after doping. The ratio of the area of the shoulder peak with respect 

to the main peak has decreased when doped with Eu atoms. This decrease might be due to the 

decrease in the Ni 3d – O 2p hybridization in the nanoparticles, which in turn decreases the 

covalency and electron-phonon coupling [12]. The FWHM of the shake-up peaks has 

increased when doped with Eu, indicating that the concentration of the holes has increased. 

The number of surface atoms and the Ni2+ vacancies in the Ni0.95E0.5O nanoparticles increases 

due to particle size reduction. Since each Ni2+ vacancy gives rise to two holes, the 

concentration of holes increases when doped with Eu atoms. 

Deconvolution of O 1s spectrum yields three peaks located at 528.7, 530.4, and 531.7 eV for 

the pure NiO sample (Figure 3(b)). These peaks correspond to the lattice oxide, defective 

oxygen, and adsorbed water, respectively [39, 42]. Whereas, in the case of Ni0.95E0.5O 

sample, the deconvoluted O 1s spectrum yields two peaks located at 528.8 and 530.6 eV 

(Figure 4(b)). The shift towards higher binding energy might be due to the higher 

electronegativity of Ni, which increases the Eu-O bond ionicity [43]. It can be observed that 

doping causes broadening and an increase in the intensity of the defective oxygen peak. Also, 

the peak area of the defective oxygen has doubled after doping. Thus, when doped with Eu, 

the defective oxygen (the neighbouring oxygen atoms of Ni vacancy) concentration increases. 

Hence, we can deduce that the number of Ni vacancies has increased in Ni0.95E0.5O 

nanoparticles. The acquired core level 3d spectrum of Eu yields two characteristic peaks that 

arise due to sizeable spin-orbit coupling (Figure 4(c)). The two peaks located at 1133.8 and 

1163.8 eV, which correspond to Eu 3d5/2 and Eu 3d3/2, respectively, are due to the trivalent 

4f6 configuration [43, 44]. Zhang et al. have reported oxygen vacancies in Eu2O3 microwires 
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that give rise to unusual magnetic properties [45]. Thus, we can presume that the 

enhancement in oxygen vacancy concentration in the Ni0.95E0.5O nanoparticles might be from 

the contribution of Eu atoms present in the nanoparticles. 

 

3.3 Magnetic analysis 

Defective structures, doping, and finite-size effects cause the magnetic moment in most of the 

antiferromagnetic nanoparticles. NiO nanoparticles exhibit anomalous magnetic properties 

due to their finite size effect, where the uncompensated surface spins cause changes in the 

magnetic order [6, 7, 46]. Figure 5 shows the hysteresis loop of the synthesized pure NiO and 

Ni0.95E0.5O nanoparticles. The M - H curve of pure NiO (figure 5a) shows an almost linear 

response with a low degree of magnetisation and low hysteresis loss, which is the typical 

behaviour of NiO nanoparticles when the size is reduced. Since no impurities were observed 

form XRD and EDS analysis, the presence of weak ferromagnetism in the pure NiO 

nanoparticles at the low field region can be attributed to vacancies in the prepared 

nanoparticles [21]. The remnant magnetization (Mr) and coercivity (Hc) were 113.5×10-5 

emu/g and 0.195 kOe, respectively. The relatively higher coercivity is due to exchange 

coupling between uncompensated surface spins and antiferromagnetic core [7]. 

On doping with Eu, the hysteresis response of the sample shows drastic changes (figure 5b). 

The linearity has impaired, and an increase in Mr (113.1×10-3 emu/g) by two orders of 

magnitude and Hc (0.198 kOe) by a small value can be observed. Likewise, the hysteresis 

loss is high as compared to the undoped NiO nanoparticles. When the nanoparticles are in 

close contact, the exchange interaction is increased. As observed from FE-SEM micrographs, 

the particles are agglomerated when doped with Eu. Thus, when doped with Eu atoms, linear 

behaviour is impaired, and the rate of magnetization has increased significantly. Similar 
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results were obtained by Al Boukhari et al. when NiO nanoparticles were doped with rare 

earth elements like Y, Pr, Sm, Gd, and Er [21]. Their analysis shows that the ferromagnetic 

behaviour of the rare earth doped NiO nanoparticles depends on the type of dopant used. 

Depending on the dopant element, the vacancies in the NiO nanoparticles varies. Also, the 

reduction in the size of the particles that result in a higher number of exchange bonds being 

broken on the particle surface can affect the magnetization [47]. Such broken exchange bonds 

give rise to many uncompensated spins and hence increases the exchange coupling. Similar 

results were obtained by Ponnusamy et al. and Moura, K. O., et al. when Fe-doped NiO 

nanoparticle was synthesized by the wet-chemical route [10]. Their results suggest that the 

linear behaviour was due to the contribution of uncompensated surface spins to the 

magnetization. Also, the free electrons from the higher valent dopant can contribute to the 

exchange interactions. The change in magnetic properties might be due to Eu3+ bonding with 

O, which gives rise to a more significant number of oxygen vacancies [45]. As observed from 

XPS analysis, the oxygen vacancy concentration has increased when doped with Eu. The 

incorporation of Eu3+ ions in NiO induces ferromagnetism by polarizing the adjoining 

vacancy atoms [25]. Goumri-Said et al. have reported that when Eu is incorporated into the 

NiO matrix, it undergoes spin polarization, and hence the magnetization is increased. 

Because of the presence of the Eu impurity, the magnetic moment of the Ni atoms changes 

such that the Ni atoms closer to the Eu atom have higher magnetic moments, and this, in turn, 

induces magnetic moment in oxygen atom [27]. Thus, the magnetic property of the NiO 

nanoparticles can be altered not only by varying the size but also by doping with different 

rare earth elements.  

3.3 Raman analysis 

Raman spectroscopy is an effective non-destructive material characterization technique that 

commonly demonstrates the structural arrangements, crystallographic orientations, structural 
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defects, doping effects, lattice disorder, etc. [48-50]. Moreover, Raman spectroscopy can be 

successfully utilized to probe the doping effect and local vibrational modes, electro-phonon 

coupling, spin-phonon coupling, etc. [51-53]. Figure 6 shows the recorded room temperature 

Raman spectra of the prepared pure NiO and Ni0.95E0.5O nanostructures within the range from 

250 to 1300 cm-1. The spectra are deconvoluted using multiple Lorentzian fits. The Raman 

band below 600 cm-1 is generally owing to first-order phonon scattering, and the peaks above 

600 cm-1 are due to second-order scattering [14]. The deconvolution of the undoped NiO 

nanoparticles spectrum gives eight peaks (Figure 6a), which are the characteristic Raman 

mode vibration of face-centered cubic NiO nanostructures. In detail, the Raman bands 

observed at 368, 445, 537, 666, 827, 937, 1048, and 1140 cm-1 are corresponding to one 

phonon (1P) transverse optical (TO) modes, surface optical (SO) modes, 1P longitudinal 

optical (LO) mode, two-phonon (2P) TO (730), 2P LO+TO, 2P SO, the vibrational origin of 

2LO and one-magnon (1M) bands respectively [9]. The obtained Raman active mode is in 

good accordance with the reported characteristic phonon mode of vibrations of intrinsic NiO 

nanostructures [32, 54, 55]. Hence, from the Raman spectral analysis, the phase purity of the 

prepared NiO nanoflakes can be confirmed. 

The appearance of 1P SO mode suggests that the prepared nanoparticles are imperfect [32]. 

Moreover, the appearance of 1P LO and TO are usually originated from the parity breaking 

defects in NiO, which arises due to the nickel vacancy concentration [56]. The presence of 

defects and surface-induced disorder and the imperfectness of the prepared nanoflakes can 

also be the reason for the appearance of 1LO [9]. Oftentimes, NiO exhibits a 2M band that 

supports the existence of the antiferromagnetic state of pure NiO nanostructures at room 

temperature due to the dominant superexchange interaction mechanism between the next-

nearest-neighbouring Ni ions through O in the Ni2+-O2--Ni2+ linear atomic chain [54, 57]. 

Ulamne et al. reported the reduction of 2M mode and complete vanishing of 2M with a 
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decrease in particle size and for crystallite size below 100 nm, respectively [58, 59]. Finite-

size effect, smaller crystallites, and disorder-induced defects can reduce spin correlation 

length that can be a reason for the reduction and vanishing of 2M modes in NiO 

nanostructures [32, 54, 59]. 

Moreover, two types of magnons associated with the spin up and spin down of two electrons 

can be observed in the case of bulk antiferromagnetic NiO [14]. 2M is significant to probe the 

magnetic domain structure since it is well separated from phonon contribution and the elastic 

scattering line [60]. The transition from antiferromagnetic to ferromagnetic nature NiO leads 

to the disappearance of 2M peaks since the magnon has a strong dependence on the magnetic 

nature of NiO [14]. Interestingly, in the present investigation, there was no sign of the 

appearance of the 2M band was observed in the Raman spectra of undoped NiO 

nanoparticles. The absence of the 2M band indicates the substantial antiferromagnetic 

coupling reduction with an average crystallite size of 13.45 nm and particle size ~120 nm 

[58]. Hence, we can conclude that the absence of magnon peak in the Eu-doped NiO 

nanoparticles might be due to the presence of uncompensated surface spins, smaller 

crystallite size, disorder-induced defects that result in the reduction of spin correlation 

between the next nearest neighbour Ni2+ ions in the crystal lattice and hence, the reduction in 

antiferromagnetic coupling strength [54, 59, 61, 62]. 

The deconvolution of Ni0.95E0.5O spectrum gives seven distinct peaks around 361, 537, 678, 

841, 946, 1040 and 1138 cm-1 (Figure 5(b)). From the peak positions, it can be observed that 

the 1P TO band is shifted from 368 to 361 cm-1 when doped with Eu. This slight shift can be 

associated with the vacancies and structural defects of the nanostructure [9, 63]. Since doping 

with Eu increases the number of oxygen vacancies as noticed from XRD and XPS analysis, 

this observation is in good accordance with the results. Also, we can observe a small shift in 

the 2LO mode when doped with Eu, which can be due to a reduction in crystallite size. 
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Furthermore, the 1P modes of the Ni0.95E0.5O nanostructures were found to be broadened, and 

the Raman band from 820 to 1150 cm-1 found to have asymmetry in the lower wavenumber 

region as compared with the undoped NiO nanostructures. This change can be due to the 

reduction of phonon lifetime in the nanocrystalline regime [50]. Usually, a band centered 

around 450-550 cm-1 that were quite rarely perceived in the Raman spectrum for Eu-doping 

into metal oxides [64]. This band is generally attributed to local vibrational mode (LVM), 

which is purely a dopant induced vibrational mode. When Nickel or oxygen lattice sites are 

substituted with Eu-dopant, dopant related LVM might appear in the Raman spectra of the Eu 

doped NiO nanoflakes along with the characteristic modes of pure NiO [65]. According to 

the harmonic approximation, the frequency of LVM can be written as [61], 

����
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The above expression can write as in terms of wavenumber as, 
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The average effective mass model can be introduced,  

μ()*+, (-./) =
("012���"01201)

%
 ……………. (6) 

Or 

μ()*3(-./) =
("012��"01201)

%
 ……………. (7) 

Both the Eu-Ni and Eu-O separately contribute to the effective mass; hence the Eu dopant 

can occupy either Ni or O sites and produce two different LVM wavenumbers. The harmonic 

approximation method gives two peak positions at 485.51 cm-1 and 548.08 cm-1 

correspondings to Eu-Ni and Eu-O, respectively. The dopant related vibrational mode due to 
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Eu-Ni effective mass contribution positioned around 485 cm-1 is in between TO and LO 

mode. Typically, the frequency of the SO phonon modes exhibits dispersion in-between long 

wavelength LO and TO mode. Interestingly, in the present investigation, the SO mode (445 

cm-1) is found to disappear with Eu doping. This disappearance of SO mode with Eu doping 

can be due to the overlap of SO mode of NiO and LVM due to Eu-Ni effective mass 

contribution since both of these vibrational modes may appear in between the TO and LO 

mode [52].  

In the present studies, it is interesting that the SO mode of NiO nanostructures found to 

disappear with Eu-doping, and a remarkable increase in intensity for 1TO and 1LO modes 

were seen for the Ni0.95E0.5O samples along with 1LO peak broadening. Since the LVM of Eu 

is around 450 - 550 cm-1, it can influence the SO phonon mode around 445 cm-1. Hence 

disappearance of SO phonon mode and 1LO peak broadening and enhancement in intensity 

may be due to the overlapping of SO modes and LVM [52]. The contribution of surface 

modes in NiO broadens  1LO mode and also the 2LO band [59]. Since the 1LO and 2LO 

were observed in the Raman spectra, the intensity ratio of 1LO to 2LO (I2LO/I1LO) can be 

found to estimate the coupling strength [32, 53, 63]. The (I2LO/I1LO) ratio was found to be 0.86 

and 0.43 for NiO and Ni0.95E0.5O, respectively. The ease off in the coupling strength of 

Ni0.95E0.5O samples in comparison with pure NiO can be due to the reduction in phonon 

lifetime that arises due to the defects on the surface [52, 53]. This observation is in 

accordance with the results obtained from XPS analysis. Besides, with Eu doping, the peak 

position of the 1M shifts towards lower wavenumber was observed, which may be due to the 

substitution of larger mass and higher atomic number of Eu compared to the host matrix [57]. 

This energy shift in the magnon peak can be due to the local symmetry lowering at Ni2+ sites 

resulted from the chemical substitution and vacancies [64]. These outcomes are in good 
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agreement with the obtained XRD and XPS, which provides the evidence for the chemical 

substitution of Eu into the NiO lattice. 

4. Conclusion 

Pure NiO and Eu-doped NiO (Ni0.95E0.5O) nanoparticles were synthesized by microwave-

assisted hydrothermal method. XRD, Rietveld refinement and EDS analysis confirmed the 

phase, purity, and the successful substitution of Eu in NiO host material. FE-SEM analysis 

disclosed porous flake-like morphology in NiO and agglomerated structures in the case of 

Ni0.95E0.5O samples. XPS investigation revealed the presence of holes and oxygen vacancies 

in the prepared nanoparticles. Doping with Eu decreases the Ni 3d – O 2p hybridization and 

increases the concentration of defects in the nanoparticles. Magnetic measurements showed 

the influence of Eu-doping on the magnetic properties of the nanoparticles. NiO nanoparticles 

exhibit weak ferromagnetism at low fields due to exchange coupling between uncompensated 

surface spins and antiferromagnetic core. On doping with Eu, the coercivity and the rate of 

magnetization were found to increase, which might be due to the change in the number of 

uncompensated surface spins, reduction in particle size, shape, defects in the prepared 

nanoparticles, and the effect of spin polarization of the Eu atom. Raman spectroscopy 

analysis confirmed the presence of defects in the prepared samples. The absence of the 2M 

band shows antiferromagnetic coupling reduction in the samples. Eu doping produced local 

vibrations that overlap with the SO mode of NiO and shifting of the 1M band due to its 

higher mass.  
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Figure 1. Refined x-ray diffraction pattern of (a) pure NiO and (b) Eu-doped NiO 

nanoparticles. 

 



 

 

 

 

 

Figure 2. SEM image and the corresponding EDS of (a) undoped and (b) doped NiO nanoparticles (c) 

and (d). Particle size distribution of undoped NiO nanoparticles. 

 



 

 

 

 

Figure 3. Core level XPS spectra of (a) Ni 2p3/2 and (b) O 1s of undoped NiO nanoparticles. 

 

 

 

 

 



           

 

 

Figure 4. Core level XPS spectra of (a) Ni 2p3/2, (b) O 1s and (c) Eu 3d of doped NiO nanoparticles.



 

 

 

Figure 5. Hysteresis loops of (a) undoped, and (b) Eu doped NiO nanoparticles at room temperature.



 

 

Figure 6. Room temperature Raman spectra of (a) undoped and (b) doped NiO nanoparticles. 



Table 1. Rietveld refined parameters of the prepared nanoparticles 

Sample Rwp 

(%) 

Rexp 

(%) 

Lattice parameter (Å) Crystallite size 

(nm) 
Calculated Refined 

NiO 2.34 1.27 4.17 4.17 13.45 

Ni0.95E0.5O 2.19 1.42 4.18 4.18 6.51 

 

Table 2. Summary of XPS results of the prepared nanoparticles 

Sample Element Peak energy 

(eV) 

Peak width 

FWHM (eV) 

Peak Area 

(eV×cps) 

 

 

 

NiO 

 

Ni 2p3/2 

853.8 

855.5 

860.8 

864.1 

1.1 

2.9 

3.8 

5.1 

4613.7 

10159.4 

8006.0 

2366.2 

 

O 1s 

528.7 

530.4 

531.7 

0.9 

1.1 

2.6 

4277.7 

947.5 

2856.3 

 

 

 

Ni0.95E0.5O 

 

Ni 2p3/2 

854.0 

855.7 

861.1 

865.1 

1.1 

2.9 

3.9 

5.4 

2245.0 

5769.6 

4394.3 

1419.7 

O 1s 528.8 

530.6 

0.9 

1.7 

2438.5 

1958.6 

Eu 3d 1133.6 

1163.6 

4.5 

6.7 

1233.8 

825.3 

 




