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1. INTRODUCTION: 
Magnetite (Fe3O4) nanoparticles are widely used functional materials due to excellent physical and chemical 

properties directed towards many applications. These have physical properties such as large surface area, good 

suspension stability and strong adsorption ability, thereby imparting specific magnetic, electrical and optical properties 

well suited for chemical, mechanical, electronic communications, biomedical, environmental protection and military 

applications. [1-2] The unique f-electron configuration of rare elements offers the shielding of 4f electrons by 5d and 

6s electrons from environmental impact.  It has been observed that rare earth doping in ferrites, enhances the 

structural, magnetic and optical properties. [3-5] Fe3O4 possesses inverse spinel structure and the substitution of other 

element ion in place of Fe
3+/

Fe
2+

 ion can result into modified magnetic behavior.  Erbium doping in cobalt and Ni-Zn 

ferrites improves the magnetic and transport properties. [6-8] 

 

In the present investigation, the Fe3-xErxO4 (where x = 0 to 0.05) nanoparticles have been synthesized using the co-

precipitation route. The change in structural, phase and optical properties has been studied as a function of doping 

level. The samples have been characterized using TEM, EDX SEM, XRD,  and UV-Vis spectroscopy. TEM images 

show the formation of rod like structures with erbium doping whereas undoped particles are round shaped. X-Ray 

diffraction (XRD) patterns have been used to calculate the strain and crystallite size. Band-gaps are calculated using 

UV-Vis spectroscopy by Tauc plots. An increase in band-gap is found with erbium doping. Band-gap for undoped 

particle is 2.43 eV which decreases to 2.36 for erbium doping of x=0.01. Hence this technique can be used in band-

gap tailoring.  

 

2. EXPERIMENTAL DETAILS: 

2.1. Synthesis 

Fe3-xRExO4 (where x stands for 0 to 0.10 in steps of 0.01) particles were synthesized using an inexpensive co-

precipitation method. Stoichiometric amounts of FeCl3 and ErCl3 were dissolved in de-ionized water to form 0.2 M 

solution. NaOH solution was added in this mixture to maintain the pH value of 10. This solution [solution- 1] was 

magnetically stirred at 80
o
C for 2.5 hours. Stoichiometric amount of 0.2 M FeSO4 and NaOH [solution-2] were 

ultrasonicated at room temperature for 5 min. Solution-2 was added to solution-1 at room temperature and 

ultrasonicated for 35 min. The product in the form of black precipitate was washed thoroughly in deionized water and 

finally with ethanol. Then the sample was vacuum dried to obtain the nanoparticles in the form of black powder.  

2.2. Characterization 

The TEM was used for studying the morphology of the nanoparticles. Samples for TEM were prepared by depositing 

a layer of ultra-dilute dispersion of nanoparticles in ethanol on the polymer coated copper grid and drying in air. TEM 

analysis was carried out using the JEOL 2100F operated at 200 keV electron energy. Field emission scanning 

microscopy / energy dispersive X-ray analysis (FESEM/EDX) was performed using Zeiss EVO40 Scanning Electron 

Microscope (SEM).  
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X-ray diffraction was carried out from 25
o
 to 80

o
 at room temperature using PANalytical X'pert PRO diffractometer 

with copper K  (  =1.54Ǻ) radiation. 
The optical properties were determined at room temperature between a wavelength of 280 nm to 800 nm by using 

Systronics make UV-Vis spectrometer. 

 

3. RESULTS AND DISCUSSIONS: 

3.1. Morphological studies 
The transmission electron micrographs of Fe3-xErxO4 (for x=0.0, 0.01 and 0.03) are shown in Fig. 1(a, b, c). The 

micrographs obtained for doped samples show formation of rod-like structure. Undoped magnetite nanoparticles are 

the spherical particles. The TEM micrographs are shown in Fig.1.  
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Fig.2: TEM micrographs of Fe3-xErxO4 with 𝑥 = (a) 0.00; (b) 0.01and (d) 0.03 

 

The rods have nominal thickness (diameter) of 15 to 35 nm but their length increases significantly from 120 nm to 350 

nm with doping. The aspect ratio is ~5 for x= 0.01 while it is ~ 10 for x=0.03. 

 

Sr. No. 
Doping 

Concentration (x) 

Rod 

Diameter 

(nm) 

Rod 

Length 

(nm) 

Aspect 

Ratio 

Number of Rods 

(in 500 nm ᵡ 500 

nm area) 

1 0 No rods No rods - 0 

2 0.01 25-30 120-150 5 5 

3 0.03 25-35 200-350 10 10 

 

Table -1.  

Strain produced in the lattice due to the insertion of erbium ions may lead to the formation of rod like structures. To 

check any stoichiometric variation in the sample, field emission scanning microscopy / energy dispersive X-ray 

analysis (FESEM/EDX) was performed for x= 0.01 sample. 
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Fig.2: EDX spectrum of Fe3-xErxO4 with 𝑥 = 0.01. 

 

Element Series unn. C norm. C Atom. C Error 

Silicon K-Series 41.62 30.94 51.17 1.8 

Gold M-Series 24.56 18.26 4.31 0.9 

Iron K-Series 61.66 45.84 38.12 1.8 

Erbium L-Series 4.11 3.05 0.85 0.1 

Oxygen K-Series 2.57 1.91 5.55 0.3 

Total 134.51 100 100 0.3 

Table. 2 Elemental composition of EDX spectrum. 
 

Table .2 shows the elemental composition of samples. Hence EDX shows the presence of erbium in the prepared 

samples. SEM samples were prepared on silicon wafer and gold coating was done to prevent charging of the 

specimen.  

 

3.2. XRD 
 X-ray diffraction (XRD) is a powerful nondestructive technique for characterizing crystalline materials. It 

provides information on crystal structure, phase, preferred crystal orientation (texture), and other structural 

parameters, such as average grain size, crystallinity,  

XRD of magnetic nanoparticles of Fe3-xErxO4 (with x=0.00, 0.01, 0.02, 0.03 and 0.05) revealed that that prepared 

nanoparticles have good crystallinity and have face centred cubic spinel structure. This agrees with the XRD pattern of 

Fe3O4 (JCPDS card number 85-1436). XRD is shown in Fig.3. It is observed that with doping peaks attributed to the 

formation of ErFeO3 (ASTM card number 74-1480).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3: XRD of Fe3-xErxO4 (with x=0.00, 0.01, 0.03 and 0.05). 
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ErFeO3 peaks become intense with increase in doping concentration.  It has been reported that the dopant ions get 

incorporated by substitution of Fe
3+

 by Er
3+

 at octahedral site in the spinel structure of Fe3O4 to a limited extent. 

Larger amount of dopant results erbium ferrite phase. [3,5] 

Crystallite size was calculated from the XRD data by using Scherrer formula for (311) peak at 35.57
o
: 

Crystallite size =
βcosθ
0.9λ

 

where β is the full width at half maximum, θ is the angle of diffraction and  is the wavelength of X-ray ( =1.54Ǻ).  
Variation of crystallite size with doping is plotted in Fig. 4. The calculated crystallite size gradually increases from 

13.9 nm for no doping to 24.1 nm for x=0.01 and then it reduces till 19.8 nm for x=0.05.   
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Fig 4: Plot of crystallite size verses doping of Fe3-xErxO4 

 

The radius of erbium ions (0.088 nm) is about 1.4 times the radius of Fe
3+

 ion (ionic radius 0.064 nm) therefore during 

co-precipitation process some of the dopant ions would accumulate on the grain boundaries to form ultra-thin layer 

around the grains which may results in the formation of secondary phase after the doping. It has been observed that the 

diffraction pattern of erbium doped samples show a slight left shift in 2θ values relative to undoped samples These 
shifts in peak position give indication of incorporation of erbium in the spinel lattice. This could produce a mechanical 

stress in the crystal lattice due to incorporation of large radii erbium ions in magnetite nanopowders. [9]   

The diffraction pattern showing the comparison of (311) peak which is main peak of the magnetite at about 35.7
o
 for 

various Er
3+

 doping levels are presented in Fig.5. The strain in the structure has been found using the relation:  
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Fig.5: X-ray diffraction peak observed for (311) peak of Fe3-xErxO4 
(with x=0.00, 0.01, 0.03 and 0.05) 
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Sample(x) 2θ (deg) ∆θ (deg) Cotθ εs(radians) × 10
-4

 

0 35.558 - -  - 

0.01 35.555 0.002 3.118 1.087 

0.02 35.551 0.004 3.119 2.176 

0.03 35.498 0.03 3.124 16.349 

0.05 35.479 0.040 3.126 21.813 
 

Table. 3 Strain calculation of Fe3-xErxO4 nanoparticles 

The calculated values of strain are given in Table.3. Strain increases with erbium doping.  
 

3.3. UV-Visible spectroscopy 
Undoped sample has a peak near 3800 angstrom which is characteristic of magnetite [10] It is found to be slightly 

shifted towards the higher wavelength with erbium doping. With doping more absorbance peaks appear in the region 

of 6000-8500 angstrom, which have been attributed to the f-f transitions in Erbium [11]. A slight red shift in these 

peaks is observed with Er
3+

doping as shown in Fig. 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 Fig.6: UV-Visible spectra of Fe3-xErxO4 
(with x=0.00, 0.01, 0.03 and 0.05) 

Band gap, which is also called energy gap, is the energy range between the conduction 

band and the valence band. The band gap is called "direct" if the momentum of electrons and holes is the same in both 

the conduction band and the valence band; an electron can directly emit a photon. The direct band gap of the 

nanoparticles is related to the optical gap (Eg) and photon energy (hν) according to the equation [12] 
 

[α hν]2 
= C(hν− Eg)              (1) 

 

Where C is a constant, n = 2 for direct allowed transitions and α is the linear absorption coefficient. 
 

The linear absorption coefficients, as a function of the photon energy were calculated 

as α(hν) = a(hν) ln(10)/L, where a(hν) is the absorbance measured by using the UV-vis spectrophotometry, and L is 

the thickness of the sample cell. According to Eq. (1) The [αhν]n 
were plotted with hν. The band-gap can be 

determined by extrapolating the linear region of the curve represented to αhν =0. These plots are called Tauc plots. 

Tauc plots for the undoped sample are shown in Fig. 7.  

 

 

 

 

 

 

 

 

 

 

 

 Fig: 7 Tauc plots for direct band-gap for (a) undoped (b) Er (0.01) doped samples. 
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The direct band-gap for undoped samples is 2.42 eV. Band-gaps vary with doping as shown Fig. 8 . The direct band-

gap for Er doped (0.01) samples is 2.36 eV.  

  

 

 

 

 

 

 

 

 

 

Fig.8: Variation of band gap of Fe3-xErxO4 
(with x=0.00, 0.01, 0.03 and 0.05) 

These bands - gaps are similar as the band-gap of semiconductors thus shows the semiconducting nature of our 

samples. The optical bandgap for visible light is 1-3 e V. The bandgap of synthesized nanoparticles falls in this range. 

The samples can be explored in photo sensing applications.
 

 

4. CONCLUSION 
It has been observed that there is an improvement in the structural and optical properties of erbium doped magnetite. 

XRD results showed a strain is produced in the lattice with erbium doping. TEM micrographs showed the formation 

of rod like structure with erbium doping and density of rods increases with doping. UV-Visible study showed a slight 

red shift in these peaks with Er
3+

doping.The direct band-gap for samples decreases with erbium doping. 
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