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ABSTRACT. We report an intrinsic dilute ferromagnetism in CeO2 nanoparticles prepared by a green 

synthesis route where Artocarpus Heterophyllus leaf extract is used as a bioreducing agent. PO4
3- ions 

from leaf extract lock oxygen vacancy derived Ce3+ ions as CePO4 at surface of the CeO2 

nanoparticles. The observed ferromagnetic behavior is strongly influenced by the distribution of 

frustrated Ce3+ ions at surface which has been attributed to the RKKY (Ruderman – Kittel – Kasuya – 

Yosida) type indirect exchange interaction of the spins. A giant redshift (~ 0.3 eV) in the optical 

bandgap with decrease in particle size indicates the presence of a spin polaron formed by the 

interaction between heavy fermion & charge carrier electrons in the system. The concept of locking 

the surface spins by phosphate ions may open up new possibilities for manipulation of the spin 

polarized charge carriers in future spintronics researches.  
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Introduction 
Weak ferromagnetism in nonmagnetic semiconductors has attracted a considerable interest in the field 

of spintronics due to the preservation of spin polarized charge carrieres. The concept of such dilute 

magnetic semiconductors (DMS) intially began with Mn doping in Ⅱ–Ⅵ and Ⅲ–Ⅴ compounds which 

showed promising electrical, magnetic and optical properties but their curie temperature was much 

lower than room temperature (TC ≈100 K) 1 – 4. After the groundbreaking experimental evidence of Co 

doped TiO2 as DMS (TC > RT), extensive researches on transition and rare earth metal doped 

nonmagnetic semiconductors have kept continuing 5. Since then room temperature ferromagnetism 

has been found in doped TiO2, ZnO, SnO2, Cu2O and In1.8Sn0.2O3
 6 – 9. But the concept of making DMS 

by doping of magnetic impurities was changed when room temperature ferromagnetism was observed 

in undoped nonmagnetic oxides like ZnO, TiO2, In2O3, CeO2 and HfO2
 10 – 12. The defects originated 

due to the synthesis process might be the reason for such intrinsic ferromagnetism in these materials 

but the true understanding of controlling the ferromagnetism to achieve desired spin injected electrical 

or optical properties remains still unclear.  

Among these DMS candidates, CeO2 steals the limelight for its unusual larger oxygen storage 

capacity and similar lattice parameter to Si. This transparent rare earth oxide is capable of having 

stable cubic structure up to ~50% defects as well as oxygen vacancies which enables this material to 

contain metal ions in a mixed valence state (Ce4+/ Ce3+) 13. The oxygen vacancies, 𝑉𝑂̈ (Kroger – 

Vinger notation) leave e- to its each neighbor Ce4+ and reduce them as Ce3+ ions 14. The defect reaction 

for the formation of 𝑉𝑂̈ following Ce3+ is given as  

2𝐶𝑒𝐶𝑒
𝑥 + 𝑂𝑂

𝑥 = 2𝐶𝑒𝐶𝑒
′ + 𝑉𝑂̈ +

1

2
𝑂2(𝑔𝑎𝑠) …  … … (1) 

Recent reports highlighting the observation of both extrinsic and intrinsic ferromagnetism in CeO2 

have created a lot of enthusiasm in this field. Room temperature extrinsic ferromagnetism has been 

reported in Co, Fe, Cu, Gd and Mn doped CeO2
 15 – 23 while numerous studies explored the intrinsic 

ferromagnetism of undoped CeO2 in order to control the spin dependent electron transport system 

without the complicacy of any doping in the material. Sundaresan et al. stated that the exchange 

interaction between the unpaired spin of Ce3+ ions that result from surface oxygen vacancies is 

responsible for the origin of ferromagnetism in CeO2 NPs 12. Fernandes et al. identified this intrinsic 

ferromagnetism is vacancy dependent through experimental & theoretical approaches 24. Chen et al. 

reported that ferromagnetism is oxygen vacancy dependent and increases with % Ce3+ ions but begins 

to decrease for excess amount of Ce3+ ions (~ 41%) at surface 25. However, controversial claims have 

been also reported where researchers suggested that Ce3+/Ce4+ concentration at surface is 

monotonically accountable for ferromagnetic behavior which has no relation with surface oxygen 

vacancies 26, 27.  

In this work, green synthesis of CeO2 nanoparticles (NPs) has been demonstrated using Artocarpus 

Heterophyllus leaf extract where Ce(NO3)3.6H2O was taken as Ce precursor. Artocarpus 

Heterophyllus is one of the most common trees found in the gardens in Southeast Asia and their 

evergreen leaf itself shows promising medicinal uses including antimicrobial, antifungal, anti-

inflammatory, antioxidant activities 28. Apart from the beneficial reasons of green synthesis like low 

process temperature, free of hazardous reagents and simple experimental setup, CeO2 NPs synthesized 

by green synthesis route showed enhanced photoluminescent & antimicrobial activities 29 – 31. This 

paper presents a straightforward approach of understanding the observed room temperature intrinsic 

ferromagnetic behavior in CeO2 NPs by stabilizing the surface Ce3+ by PO4
3- ions which comes from 

leaf extract. The experimental results indicate that the ferromagnetic behavior is strongly related with 

local spin density distribution at the surface. Furthermore, this investigation has found a possible 

correlation between ferromagnetic behavior and optical bandgaps of the CeO2 NPs.   
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Experimental Section 
Synthesis of Nanoparticles: Leaf extract was prepared which includes washing and drying of fresh 

green A. Heterophyllus leaves followed by blending to form fine powder. 10 gm leaf powder was then 

added in to 200 mL DI water and heated at 60 °C with continuous stirring for about 10 minutes. After 

filtration, the extract was collected for further purpose while Ce(NO3)3.6H2O was used as the 

precursor of Ce. 100 mL 0.01 M Ce(NO3)3 was added into 300 mL leaf extract and heated at 80 °C 

with continuous stirring until the dark brown gel formed. The gel was then dried at 120 °C for 12 

hours and repeatedly centrifuged followed by drying to obtain the amorphous NPs. A detailed 

illustration of synthesis process is illustrated in Figure 1. Finally the samples were heat treated in air 

from 400 to 900 °C.  

 

Figure 1. Green Synthesis of CeO2 Nanoparticles 

Characterization: Structural analysis of the annealed samples was carried out by X-Ray Diffraction 

(XRD) technique (Empyrean PANalytical-Netherlands) using CuKα radiation having wavelength 1.54 

Å. Field Emission Scanning Electron Microscope (JSM, 7600 Jeol) was used to observe the 

morphology of the synthesized powders and to determine the elemental composition by Energy 

Dispersive X-ray Spectroscopy (EDS) analysis. Fourier Transform Infrared (FT-IR) spectroscopy 

(JASCO-FTIR-6300, Japan) was performed to determine the chemical bonds present both in leaf 

powder and annealed samples. Magnetization versus applied field up to 13.8 kOe was measured in 80, 

200 and 300 K using Vibrating Sample Magnetometer (VSM) (Lakeshore 7407). The UV – Vis 

diffuse reflectance spectra of the samples were obtained using a UV-Vis spectrometer (UV/Vis/NIR – 

Lambda 1050, PerkinElmer, USA). 

 

Results & Discussion 
The X – Ray diffraction patterns of the CeO2 NPs are presented in Figure 2 which shows satisfactory 

correspondence with cubic fluorite structure (space group 𝐹𝑚3̅𝑚) of CeO2. Presence of 2nd phase has 

been detected in all XRD patterns which are completely matched with monoclinic (space group P 1 

21/n) Monazite – Ce phase. Rietveld refinement (Figure 3) was performed by Fullprof software which 

confirmed that CePO4 phase formation has no significant dependence on annealing temperature. The 

phase fractions along with lattice parameters and crystallite size of CeO2 phase of the samples which 

are annealed at 400 and 900 °C are listed in Table 1. Crystallite size of each sample was calculated 

using Scherrer’s formula, 𝑑 = 0.9𝜆/𝛽𝑐𝑜𝑠𝜃 where d is the crystallite size, 𝛽 is the FWHM of 

diffraction peak (111), 𝜆 is the wavelength of X – Ray radiation and 𝜃 is the diffraction angle. The 

crystallite size increased from 3 nm to 23 nm due to the rise in the annealing temperature (400 °C to 

900 °C). 
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Figure 2. XRD Patterns of the samples annealed at different temperatures (400 – 900 °C).  
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Table 1: Structural parameters and crystallite size obtained from Rietveld Refinement of XRD 

Patterns 

Sample Phases Present Unit Cell 

Parameters 

Rietveld 

Factors 

Crystallite Size 

of CeO2 Phase  

(111 peak) 

 

 

 

0.01 M 400 °C 

 

CeO2 76.82(68) % 

Cubic: 𝐹𝑚3̅𝑚 

 

 

CePO4  23.18(41) % 

Monoclinic: P1 21/n 

a = b = c = 5.432(0) Å 

V = 160.29(11) Å3 

 

a = 6.492(19) Å  

b = 8.228(19) Å 

c = 6.835(30) Å 

β = 115.63(28)⁰ 

V = 329.17(97) Å3 

 

 

Rp = 19.8 

Rwp = 20.1 

Rexp = 16.6 

χ2 = 1.48 

 

 

 

 

 

3 nm 

 

 

 

0.01 M 500 °C 

 

CeO2 71.98(73) % 

Cubic: 𝐹𝑚3̅𝑚 

 

 

CePO4 28.02(57) % 

Monoclinic: P1 21/n 

a = b = c = 5.421(1) Å 

V = 159.36(8) Å3 

 

a = 6.838(17) Å  

b = 6.956(19) Å 

c = 6.273(16) Å 

β = 102.3(2)⁰ 

V = 291.62(98) Å3 

 

 

Rp = 15.2 

Rwp = 15.2 

Rexp = 12.9 

χ2 = 1.4 

 

 

 

 

 5 nm 

 

 

 

 

0.01 M 600 °C 

 

CeO2 69.02(49) % 

Cubic: 𝐹𝑚3̅𝑚 

 

 

CePO4 30.98(36) % 

Monoclinic: P1 21/n 

a = b = c = 5.414(0) Å 

V = 158.69(4) Å3 

 

a = 6.834(5) Å  

b = 7.015(6) Å 

c = 6.415(6) Å 

β = 103.43(2)⁰ 

V = 299.88(45) Å3 

 

 

Rp = 18.7 

Rwp = 17.1 

Rexp = 13.7 

χ2 = 1.55 

 

 

 

 

7 nm 

 

 

 

0.01 M 700 °C 

 

CeO2 69.35(41) % 

Cubic: 𝐹𝑚3̅𝑚 

 

 

CePO4 30.65(33) % 

Monoclinic: P1 21/n 

a = b = c = 5.410(0) Å 

V = 158.35(2) Å3 

 

a = 6.801(2) Å  

b = 7.003(4) Å 

c = 6.474(3) Å 

β = 103.44(5)⁰ 

V = 299.93(2) Å3 

 

 

Rp = 14.6 

Rwp = 14.4 

Rexp = 13.4 

χ2 = 1.16 

 

 

 

 

11 nm 

 

 

 

0.01 M 800 °C 

 

CeO2 69.34(68) % 

Cubic: 𝐹𝑚3̅𝑚 

 

 

CePO4 30.66(37) % 

Monoclinic: P1 21/n 

a = b = c = 5.409(0) Å 

V = 158.33(1) Å3 

 

a = 6.794(16) Å  

b = 7.017(20) Å 

c = 6.468(16) Å 

β = 103.44()⁰ 

V = 299.95(13) Å3 

 

 

Rp = 16.5 

Rwp = 15.9 

Rexp = 13.3 

χ2 = 1.42 

 

 

 

 

16 nm 

 

 

 

0.01 M 900 °C 

 

CeO2 68.11(71) % 

Cubic: 𝐹𝑚3̅𝑚 

 

 

CePO4 31.89(73) % 

Monoclinic: P1 21/n 

a = b = c = 5.409(0) Å 

V = 158.31(0) Å3 

 

a = 6.791(0) Å  

b = 7.009(2) Å 

c = 6.469(0) Å 

β = 103.44(2)⁰ 

V = 299.58(11) Å3 

 

 

Rp = 20.2 

Rwp = 19.4 

Rexp = 13.3 

χ2 = 2.13 

 

 

 

 

23 nm 
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Figure 3. Fitting patterns obtained after Rietveld refinement showing Bragg positions of CeO2 and 

CePO4 Phase in 0.01 M samples annealed at 400 – 900 °C (a – f). 

 

The formation of CePO4 phase during synthesis of CeO2 is quite interesting and we attribute it to be 

related with the oxygen vacancy in our study. Due to the large surface to bulk ratio, the Ce3+ 

originated from the oxygen vacancies can be considered as the surface atoms in the CeO2 NPs (~20 

nm). These Ce3+ later attracts the PO4
3- ions of leaf extract and yield CePO4 phase (as illustrated in 

Figure 4). The presence of PO4
3- ions in Artocarpus Heterophyllus leaf is confirmed by GC – MS 

(Gas Chromatography – Mass Spectroscopy) of leaf extract (provided in Electronic Supplementary 

Information).  

Page 6 of 17AUTHOR SUBMITTED MANUSCRIPT - MRX-109888.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7 

 

 

Figure 4. Schematic illustration of CeO2 – CePO4 in the samples 

 

This phosphate ions derived CePO4 phase in CeO2 has been observed earlier by Singh et al. where 

they showed that formation of CePO4 phase leads a significant loss in catalytic behavior of CeO2 NPs 

32. Since the catalytic behavior is strongly related to the oxygen vacancy storage capacity of CeO2 

NPs, our intuitive explanation that oxygen vacancy derived surface Ce3+ attracts the PO4
3- ions from 

leaf extract and form CePO4 phase is in good agreement with the literature. 

 

Figure 5. (a) EDS and (b) FTIR spectra of samples & leaf. 

 

Presence of CePO4 phases is further confirmed by EDS (Figure 5 a) & FTIR (Figure 5 b) analysis of 

the samples. The absorbtion peaks at 3650 – 3150 cm-1 and 1650 cm-1 indicates streching of O–H 

bonds of water molecules and asymmetric streching of C=O bonds respectively 33, 34. Assymetric 

strecthing and bending of P–O bonds have been observed at 1140 – 990 cm-1 which confirms the 

presence of PO4
3- in the NPs 35, 36. The absorption peaks below 700 cm-1 can be attributed to the 

strecthing of Ce–O bonds 34.  

Figure 6 shows the magnetization vs. magnetic field plots measured at 80, 200 and 300 K while 

relevant parameters are listed in Table 2. In 0.01 M 900 °C sample, saturation magnetization values 

are found higher than in 0.01 M 400 °C sample. The change of hysteresis loop with decrease in 

temperature (300 to 80 K) maybe a result of the competing interactions between ferromagnetic and 

antiferromagnetic behavior of the Ce3+ spins. Prior that it is noteworthy to elucidate the contribution 
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of CeO2 and CePO4 phases to the ferromagnetism in the synthesized samples. The surface oxygen 

vacancy derived Ce3+ ions are the key reason for origin of ferromagnetism in pure CeO2 and in our 

synthesized samples, the CeO2 phase does not contain such Ce3+ ions as they are already stabilized as 

CePO4 on the surface of CeO2 nanoparticles. So in a broad sense, the four Ce3+ ions in monoclinic 

CePO4 crystal structure are responsible for the observed ferromagnetism in our samples which were 

originated from oxygen vacancies in CeO2 NPs.  

 

Figure 6. Magnetization vs. field plots of (a) 0.01 M 400 °C and (b) 0.01 M 900 °C sample measured 

at 80, 200 and 300 K. 

 

Table 2: Magnetic parameters extracted from Figure 6 (a) and (b)   

CeO2 (0.01) (400 oC) 

 300 K 200 K 80 K 

HC 1280 Oe 3062 Oe 7972 Oe 

MR 0.026 (emu/g) 0.037 (emu/g) 0.039 (emu/g) 

MS 0.05 (emu/g) 0.059 (emu/g) 0.058 (emu/g) 

CeO2 (0.01) (900 oC) 

HC 8583 Oe 3418 Oe 1335 Oe 

MR 0.049 (emu/g) 0.043 (emu/g) 0.031 (emu/g) 

MS 0.083 (emu/g) 0.071 (emu/g) 0.064 (emu/g) 
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Figure 7. RKKY Coupling of Ce3+ ions  

 

At first look, this ferromagnetism appears to be unusual as saturation magnetization was found 

decreasing from 0.083 emu/g to 0.05 emu/g with decrease in crystallite size (23 nm to 3 nm). 

Although the size dependent ferromagnetism has been reported in many previous studies where 

researchers suggest that  saturation magnetization should be increasing with decrease in crystallite 

size in nanoscale range because large surface to volume ratio ensures the possibility of having more 

oxygen vacancies at surface 12, 37. In our study, the unusual relation between the crystallite size & 

saturation magnetization Ms can be attributed to the RKKY (Ruderman – Kittel – Kasuya – Yosida) 

coupling of Ce3+ ions. The spins located in any single CePO4 crystal are well polarized and act as a 

single spin. This single spin mediates its neighbor spins which decays as an algebraic way in terms of 

distance between themselves (illustrated as Figure 7). In the 3 nm crystallite size samples, this 

indirect exchange interaction favors antiferromagnetism which is the main reason of the reduced net 

ferromagnetism in the 400 °C annealed samples. Similarly due to much flexibility in local spin 

density, increased net ferromagnetism has been observed in 900 °C annealed samples (23 nm 

crystallite size).  

 

The optical absorption properties were investigated from Diffuse Reflectance spectra of the annealed 

samples showing in Figure 8. The samples exhibit reflectance peaks with a slight change in 

reflectance (1 – 1.5%) at 270 nm and 340 nm which are due to the charge transfer transition from 

valence band O2- 2p to conduction band Ce4+ 4f orbitals 38, 39. Optical band gaps of the samples can be 

estimated from the following expression proposed by Tauc where 𝑛 = 2 & 1
2⁄  for indirect and direct 

bandgaps respectively 40.  

(𝛼ℎ𝜗)
1

𝑛 = 𝐴(ℎ𝜗 − 𝐸𝑔) … … … … (2) 

Here, 𝐴 is the proportional constant and 𝛼 is the absorption coefficient which can be written as 

Kubelka – Munk function 𝐹(𝑅) =
(1−𝑅)2

2𝑅
 where 𝑅 is the reflectance found for the samples. So, 

substituting 𝛼 with 𝐹(𝑅) in the equation (2):  

[𝐹(𝑅)ℎ𝜗]
1

𝑛 =  𝐴(ℎ𝜗 − 𝐸𝑔) … … … … (3) 

For 𝑛 = 1
2⁄ , we have found a sharp and straight fall of graph which revealed that all our samples 

have direct bandgap. So, the slope on the [𝐹(𝑅)ℎ𝜗]2 vs. photon energy (𝐸) graph cuts x axis at 

[𝐹(𝑅)ℎ𝜗]2 = 0 which gives the bandgap 𝐸𝑔 of the particular sample. The bandgap found for the 

samples are shown in Figure 8. 
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Figure 8. Diffused reflectance spectra (inset) and Bandgaps of 0.01 M samples annealed at 400 °C 

and 900 °C. 

 

Unlike the conventional quantum confinement effect in NPs, our study exhibits giant red shifts (~ 0.3 

eV) in the bandgap with decrease in size. Previous studies suggest that concentration of Ce3+ is related 

to the unusual red shift in band gap of CeO2 NPs 41. Chowdhury et al. attributed the red shifting of 

indirect bandgap to the interfacial polaron effect due to electron – phonon coupling 42. As all of our 

samples exhibit direct bandgaps, we assume that electron – phonon interaction should not have 

significant influence on the observed red shift in bandgaps. Instead of e- – phonon interaction, we 

bring a concept of interaction between charge carrier electrons & heavy fermions (4f 1) of Ce3+ ions to 

explain the observed red shift in the bandgap. While being in a same lattice, the charge carrier e- & 

heavy fermion creates a spin polaron. Due to the heavy fermion contribution, the electronic mobility 

of this polaron decreases and spin magnitude increases. In our experiment, the samples annealed at 

900 °C exhibit higher ferromagnetism (MS) & bandgap (0.083 emu/g & 2.9 eV) compared to the 

samples annealed at 400 °C (0.05 emu/g & 2.63 eV) which supports our elucidation that the giant 

redshift is strongly attributed to the  spin mediated optical properties of the NPs.  

Conclusions 
In this work, CeO2 NPs are obtained from a simple green synthesis route which uses A. Heterophyllus 

leaf extract as bioreducing agent. Room temperature ferromagnetism has been found decreasing as 

particle size is reduced from 23 nm to 3 nm which indicates that the behavior of frustrated Ce3+ spins 

at surface is strongly dominated by RKKY type indirect exchange interaction mechanism. A giant red 

shift (~ 0.3 eV) in the direct bandgaps with decrease in particle size consolidates the intuition that the 

presence of spin polarons might be the controlling factor of the optical properties of CeO2 NPs. 

Having in mind that before considering CeO2 for designing novel spintronics devices, the distribution 

of disordered surface spins needs an exclusive treatment from both experimental and theoretical 

viewpoints and we believe this research will provide beneficial insights to DMS community.   
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Figures 

 

 

Figure 1. Green Synthesis of CeO2 Nanoparticles 
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Figure 2. XRD Patterns of the samples annealed at different temperatures (400 – 900 °C).  
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Figure 3. Fitting patterns obtained after Rietveld refinement showing Bragg positions of CeO2 and 

CePO4 Phase in 0.01 M samples annealed at 400 – 900 °C (a – f). 
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Figure 4. Schematic illustration of CeO2 – CePO4 in the samples 

 

 

Figure 5. (a) EDS and (b) FTIR spectra of samples & leaf. 

 

Figure 6. Magnetization vs. field plots of (a) 0.01 M 400 °C and (b) 0.01 M 900 °C sample measured 

at 80, 200 and 300 K. 
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Figure 7. RKKY Coupling of Ce3+ ions  

 

 

Figure 8. Bandgaps and (inset) Diffused reflectance spectra of 0.01 M samples annealed at 400 °C 

and 900 °C. 

 

Page 17 of 17 AUTHOR SUBMITTED MANUSCRIPT - MRX-109888.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


