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Abstract 

The magnetic and optical properties of magnetic semiconductors relays on the crystal structure, type 

and amount of dopant ions, and particle size. Then, the effect of rare earth metal (Dy, Eu, and La) 

doping on crystal structures, magnetic properties and optical properties are seen. It is revealed that the 

optical band gap of ZnO decrease down from 3.37eV up on doping with RE metals. Then, the 

Hamiltonian of the system is determined by using the Heisenberg’s and Greens theorem. The exchange 

integral is determined by 3D Heisenberg model while electronic states are calculated by the Green’s 

theorem. The expected magnetism is due to defect states, quantum size effect and double exchange 

mechanism.  For the ferromagnetic states, the exchange integral is positive while it is negative for the 

antiferromagnetic states. Retarded Green’s theorem revealed that both Magnetic and optical properties 

of RE doped ZnO are interdependent phenomenon. The combined effect of magnetic and optical 

properties of RE: ZnO exhibit can be tailored for biomedical and bioelectronics’ applications.  

Furthermore, the incorporation of rare earth (RE) ions such as Dy, Eu, and La into the ZnO lattice 

introduces localized magnetic moments that interact with the charge carriers of the host semiconductor, 

leading to enhanced spin polarization and modified electronic transitions. These dopant ions create 

defect sites, oxygen vacancies, and lattice distortions, which play a crucial role in tuning the magnetic 

and optical responses of the material. The reduction in band gap energy upon doping can be attributed 

to the formation of intermediate energy levels within the forbidden band, facilitating visible light 

absorption and improving photocatalytic efficiency. The interaction between the 4f electrons of RE ions 

and the 3d electrons of Zn²⁺ ions enhances the ferromagnetic coupling through exchange interactions. 

 

Keywords: Exchange integral, double exchange, ferromagnetism, magnetic semiconductor, spin 

interaction, quantum size effect 

 

 

INTRODUCTION 

Advancement in science and technology has been coming vital in the improvement in chemical 

industries, medicine and electronics. Particularly, every growing demand of Photocatalytic process and 

biomedicine is major area where such advancement is greatly anticipated. To achieve this requirement 

emphasis is given to the engineering of diluted 

magnetic semiconductors. Diluted magnetic 

semiconductors (DMS) are an interesting focus of 

solid-state physics, spintronics, optoelectronics, 

material science, nanotechnology, and biomedical 

devices. Among the DMS, RE metal doped ZnO is 

the best candidate. It has drawn greater attentions 

due to its measurable magnetic and optical 

properties. ZnO is direct wide band gap 

semiconductors. However, RE doping can shrink its 

band gap energy down to the narrow band gap 

semiconductor. RE (Dy, Eu, and La) can be 
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synthesized by various methods. As the research of Huang et al. 2014 [1] indicates, Eu3+ and D3+ can be 

synthesized by simple co-precipitation method. Moreover, Khataee, A., et al. 2020 [2], demonstrated 

that Eu doped ZnO nanocrystals can be synthesized by sonochemical method and characterized by XRD 

& XPS. As calculated by the Scherer’s formula, the averages particles size of RE metal doped is shown 

in the Table 1. 

 

The research of Smith, A. M, and Nie, S., 2010 [10] indicate that the quantum confinement effect in 

semiconductor nanoparticles widen their band gap and enable an efficient light emitter. This 

confinement determines the electrical, piezoelectric, ferroelectric and magnetic properties of 

nanostructure. As Suyitno et al. 2017 [11] detected, the efficiency of ZnO based piezoelectric 

nanogenerator can be modified by doping with TM and RE metals.  

 

As Röder, R., 2019 [12] revealed, rare earth elements occupy Zn2+ sites in ZnO. Thus, ionization 

states of Zn2+ can effectively substituted with RE3+ ion. By increasing the concentration of RE ions (Dy, 

Eu, & La), Fermi level can moves into the conduction band of ZnO films. This mechanism can modify 

the electrical properties of ZnO.  

 

The magnetic moments of rare earth (RE) metals of 4f electronic configuration are greater than 3d 

transition metals. Consequently, they exhibit better electrical, magnetic and optical properties upon 

doping with ZnO.  As Tan C., et al. 2015 [13] observed, Ce, Eu, Gd, and Dy doped ZnO monolayer 

exhibit large magnetic moment. This magnetic moment is attributed to the role of RE atoms and slightly 

from nearest- neighbor O - atoms.  RE metal doped ZnO has several applications including 

Photocatalytic activity, solar panels, LED, and photoconductors. Goel s., et al. 2017 [14] also notified 

that La doped ZnO nanocrystals is extensively used in photovoltaic materials for dye sensitized solar 

cells.  

 

RE doped ZnO nanoparticles is used in print inks, artificial fertilizers, figure print analysis, 

biosensors, detecting enzymes and other bio molecules. As Sood, S. 2025 [15] noted, RE doping can 

considerably enhances ZnO’s performance in electronic devices, like UV photo detectors, LEDs, and 

gas sensors.  As Krishnaswamy, S. et al. 2025 [16] verified, Dy doped ZnO has unique optical and 

magnetic properties which make it valuable in optoelectronics and spintronics.  

 

Moreover, ZnO doped with RE metal has a potential application in nanomedicine. Furthermore, the 

biomedical application of RE doped ZnO is presented in detail by the end of this manuscript.  

 

CRYSTAL STRUCTURE OF RE: ZNO 

ZnO is a binary semiconductor which major candidate in nanomedicine, optoelectronics, and 

photocatalytic process due to its biocompatibilty, stability, and wide band gap. It has hexagonal wurtzite 

crystal structure where with lattice constant a = 0.33nm and  c = 0.52nm. Its  periodic structures are 

nanowires, nanosheets, Moire patterns, and periodic pattern of quatum dots.  

 

Table 1. Show the band gap of selected Dy, Eu, and La doped ZnO. 

DMS Lattice constant Crystal size Energy band gap Reference 

Dy: ZnO 3.319 Å 25.5 nm 3.26 eV- 3.34 eV Zhang C. Y., et al 2010   [3] 

2.93 eV- 3.22 eV Fidha, G. E. et al. 2021   [4] 

Eu: ZnO 3.324 Å 34.87 μm 

19nm-22nm 

(FTIR result) 

3.13 eV Gurbani, N. et al. 2023    [5] 

3.05 eV to 2.89 Kumar, P. et al. 2025      [6] 

La: ZnO c/a = 1.612 35.4 nm -59.3 

nm 

 

3.37eV to 2.6 eV Pascariu, P. 2025            [7] 

Raina, I., et al. 2025       [8] 

Mansy, S., et al. 2023     [9] 

Average band gap energy of ZnO: 3.37eV and Ionization energy (Ea = 60 eV) 
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Figure 1. Electronic structure 

and configuration of Dy. 

Electronic configuration: [Xe] 

4f106S2 

Electronegativity: 1.22 eV 

Electron work function: - 

Ionization Potentials:  

1st: 5.94 eV 

2nd: 11.67 

3rd: 22.802 eV. 

Valence electron Potential: 

47.7eV. 

 
Figure 2. Electronic structure 

and configuration of Eu. 

 Electronic configuration: [Xe] 

4f76S2 

Electro negativity: 1.2 eV 

Electron work function: 2.5 eV 

Ionization Potentials:  

1st: 5.567 eV 

2nd: 11.124 

3rd: 24.926 eV. 

Valence electron Potential: 45.6 

eV.  

 
Figure 3. Electronic structure 

and configuration of La. 

Electronic configuration: 5P16S2 

Electro negativity: 1.1 eV 

Electron work function: 3.5 eV 

Ionization Potentials:  

1st: 5.58 eV 

2nd: 11.059 eV 

3rd: 19. 174 eV. 

Valence electron Potential: 40.71 

eV. 

 

Kenneth Barbalace. 1995-2025 

[19] 

Kenneth Barbalace. 1995-2025 

[19] 

Kenneth Barbalace. 1995-2025 

[19] 

 

ZnO nanoparticles are semiconductor nanostructures with sizes 1- 20nm. In order to modify their 
physical, cchemical and biological properties, they are often doped with either transition metals or rare 

earth metal ions. In this manuscript, RE (Dy, Eu, and La) doped ZnO partiles are emphasized due to 
their leading applications in biomedicine, photocatalytic process, optoelectronics, and spintronics. 

Although, RE doped ZnO have the same crystal structure to bulk nanoparictlces, they have unique 
magnetic and optical properties. 

 
TM and RE metal-doped ZnO exists in three-lattice structure, namely wurtzite, Zinc blend and rock 

salt. Jayachandraiah C., et al. 2014 [17] revealed, the ionic radius of Dy3+ is 0.91Å that is greater than 
Zn+2 of atomic radius 0.74 Å. Therefore, doping Dy in to ZnO crystal reduces the crystal size of Dy 

doped ZnO. Besides, Yan, B, Chen, X, Wu, J. H., 2007 [18], shown that Dy doped ZnO Nanofilms 
synthesized by rf Magnetron sputtering on Si & glass substrate showed hexagonal wurtzite structure 

Figure 1-3.  
 

To sum up, doping ZnO nanoparticles with rare earth metal (RE) does not change the hexagonal 

wurtzite structure and shape. However, it may changes the lattice parameters leading to change in size.  
 

This is due to the caused by changes in amount of RE ion concentration and atomic radii. The 
substitution of Dy3+ into ZnO matrix, reduce the Exciton recombination. This makes Dy: ZnO for 

Photocatalytic applications. This concept provides a high probability to explore the origin of RTFM in 
RE doped ZnO.  

 

Defect And Impurity States 

In diluted magnetic semiconductors defect are formed due to the high density of mismatch 

dislocations. The MSGF method is applied to describe the behavior of crystals containing lattice defects 

such as vacancies, interstitials, or foreign atoms. Studying these lattice defects is important due to their 
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role in materials technology. Introduction of defects into the crystal lattice of RE doped ZnO displaces 

the host atoms from their original position. Doping of ZnO nanocrystals with al selected elements (Dy, 

Eu, and La) tends to increase increase the defect states and density. These defects are potential in 

controlling the magnetic and optical properties of ZnO nanoparticles. Xin, M.  2018 [20] Eu-doped 

ZnO, common native defects like oxygen vacancies (Vₒ) and zinc interstitials (Znᵢ) are present, and the 

incorporation of Eu can create new defects determined by super cell approach. The total number of 

defects is estimated from the exponentially decaying function 

𝑁 = 𝑁𝑜𝑒
−𝐸𝑎
𝐾𝐵𝑇 1 

Where, No is the number of point defects at room temperature, 𝐸𝑎is the ionization energy, T is 

absolute temperature, and 𝐾𝐵is Boltzmann constant.  

 

Introducing Eu dopant into host ZnO crystal cannot change the crystal structure of ZnO. However, it 

increase the number of defect related energy level. Eu shrinks the energy band gap which can alter its 

electrical and optical of ZnO. As Divya, N., & Pradyumnan, P.  2015 [21], revealed that Eu3+ doped 

ZnO at room temperature show enhanced visible light emission due to induced defects.  As explained 

by Dakhel A. A., and Hilo M, E. 2010 [22], doping of ZnO with Gd at 3.5% creates large number of 

oxygen vacancies. These vacancies are responsible for the observed ferromagnetism in Zn1-xGdxO. 

Moreover, doping of ZnO nanocrystals with RE (Dy, Eu, and La) creates shear strain and defects. This 

phenomenon tends to add the number of dislocations and surface imperfections.  

 

Theoretical Approach: Multiscale Green's Theorem 

Multiscale Green’s function (MSGF) is a generalization of the classical Green's function (GF) 

designed for solving mathematical equations. It is an independent branch of science. As Wei S. H., 2004 

[23] revealed, in computational physics and tight-binding lattices, recursive techniques is recognized 

for nanomaterials modeling. Moreover, Fasoline A. 2011 [24] verified that 2D nanomaterials including 

Graphene can be be modeled by the same approach. Now a day’s MSGF serves as more relevant for 

modeling of nanomaterials. These Materials are in the order of few nanometers.  

 

The Green Functions (GF) is not limited to nanomaterials modeling. It can be used in modeling many 

physical processes in such as phonons, electronic band structure, density of states, and magnetic spin 

states. Nanomaterials are of atomistic dimensions and need to be modeled at the length scales of 

nanometers. Dy, Eu and La doped ZnO nanoparticles can also be modeled by MSGF. It can also describe 

the behavior of crystals containing lattice defects such as vacancies, interstitials, or foreign atoms. 

Studying these lattice defects is important due to their role in materials technology. Introduction of 

defects into the crystal lattice of RE doped ZnO displaces the host atoms from their original position.  

 

The Hamiltonian of the Impurity State 

In a system with multiple electrons per atom or in rare-earth materials, the spin-orbit coupling is 

replaced by spins total angular momentum. 

𝐻 = 𝐻𝑜 − 𝜇𝑁 + 𝐻𝑒𝑥𝑐 2 

Where N is the total number particles, Ho is the unperturbed Hamiltonian  𝐻𝑒𝑥𝑐 is the Hamiltonian 

for spin exchange, and µ is the chemical potential of electrons.  

Hence, for the magnetic interaction, we begin from the exchange Hamiltonian term. Whence, 

  𝐻𝑒𝑥𝑐 = 2𝐽∑ 𝑆𝑖𝑆𝑗𝑖𝑗   3 

The retarded Green function for two Fermions operators 𝑆𝑖(𝑡) and 𝑆𝑗(𝑡′) in the Heisenberg 

representation can be defined as 

〈〈𝑆𝑖(𝑡′)/ 𝑆𝑗(𝑡′)〉〉 =  −𝑖𝜃(𝑡 − 𝑡′)〈{𝑆𝑖(𝑡), 𝑆𝑗(𝑡′)}〉  4 

https://www.sciencedirect.com/topics/engineering/induced-defect
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Where [𝑆𝑖, 𝑆𝑗] = 𝑆𝑖𝑆𝑗 + 𝑆𝑗, 𝑆𝑖; is the Fermions anti commutation relation, i𝜃  is the step function, and
 

〈… 〉 means the ensemble average with the partition function, Ƶ. Since 〈〈𝑆𝑖(𝑡′)/ 𝑆𝑗(𝑡′)〉〉 is a function of 

(t - t’), it is convenient to define the Fourier transform 

〈〈𝑆𝑖/ 𝑆𝑗〉〉 =  ∫ 𝑑(𝑡 − 𝑡′)
+∞

−∞
〈〈𝑆𝑖(𝑡′)/ 𝑆𝑗(𝑡′)〉〉 𝑒

𝑖𝜔(𝑡−𝑡′)  5 

It can be shown that the retarded Green function in frequency space satisfies the equation of motion; 

𝜔 〈〈𝑆𝑖/ 𝑆𝑗〉〉𝑚 = 〈{𝑆𝑖, 𝑆𝑗}〉 〈〈[𝑆𝑖, E]/ 𝑆𝑗〉〉𝑚 〈〈[𝑆𝑖, E]/ 𝑆𝑗〉〉𝑚  6  

Where again {Si, Sj} is the anticommutator of operators Si & Sj, and [Si, E] is the commentator of the 

operators Sj and E. The ensemble average 〈𝑆𝑖(𝑡′)/ 𝑆𝑗(𝑡′)〉 can be calculated by 

〈〈𝑆𝑖(𝑡′)/ 𝑆𝑗(𝑡′)〉〉 =  ∫
𝑑𝜔𝑒−𝑖𝜔(𝑡−𝑡′)

2𝜋𝑒𝑖𝜔+1
[〈〈𝑆𝑖/ 𝑆𝑗〉〉𝑚 − 〈〈𝑆𝑖/ 𝑆𝑗〉〉𝑚]

+∞

−∞

 7
 

Where 

∫
𝑑𝜔𝑒−𝑖𝜔(𝑡−𝑡′)

2𝜋𝑒𝑖𝜔+1
= 1

+∞

_∞

  8 

And ƻ =  
𝑒−𝑖𝜔(𝑡−𝑡′)

2𝜋𝑒𝑖𝜔+1
, is a spectral function,  

 

Where, in the equation 3.7  

〈𝑆𝑖/ 𝑆𝑗〉0,𝑚 = 
2𝑚

𝜔−𝜔𝑜
  9 

Where, 𝑚 = 〈𝑆𝑖
𝑧〉 is the averaged magnetization and 〈𝑆𝑖/ 𝑆𝑗〉 = 𝛿𝑖𝑗 = 

0 ⇔ 𝑖 ≠ 𝑗
1 ⇔ 𝑖 = 𝑗

. In this study, we 

consider only a 3D square lattice system in order to reduce complexity.

  〈〈𝑆𝑖
𝑧𝑆𝑗

+
/𝑒𝑎𝑠𝑗𝑧𝑆𝑗

− 〉〉  ≥  〈𝑆𝑖
𝑧〉 〈〈𝑆𝑗

+/𝑒𝑎𝑠𝑗𝑧𝑆𝑗
− 〉〉  10 

We can decouple the equation 3.9 in to the following form 

〈〈𝑆𝑖
𝑧𝑆𝑗

+ + 𝑆𝑖
−𝑆𝑗

+/𝑒𝑎𝑠𝑗𝑧𝑆𝑗
− 〉〉 = 2𝐽〈𝑆𝑖

𝑧〉 〈〈𝑆𝑗
+/𝑒𝑎𝑠𝑗𝑧𝑆𝑗

− 〉〉 11 

Implying that  

𝐽𝑠 = 1 − 
1

2𝑆2 [𝑆(𝑆 + 1) − 2(𝑆𝑖
2)

2
]  12 

Where 

, (𝑆𝑖
𝑧)2 =  𝑆(𝑆 +) − 𝑆𝑖

−𝑆𝑗
+,\ 

Taking S = 2, for 𝐷𝑦, the exchange integral is expressed as;  

𝐽 = 1 − 0.125[〈(𝑆𝑖
𝑧)2 + 𝑆𝑖

−𝑆𝑗
+ 〉]  13 

Js is a dimension less constant which describes ferromagnetic order. It approaches zero in the 

thermodynamic limit above Tc and unity below Tc. From finite size scaling theory, it is revealed that 
this constant is size independent at the critical temperature. Below Tc, J, increases as system size 

increases, while J decreases as system size increases above Tc. 
 

From first principle calculations, Shi Y. et al. 2010 [25] determined that the coupling between Gd 
ions in ZnO is ferromagnetic and appropriate concentration; electrons can enhance the ferromagnetic 

coupling between them. However, for Nd ions, the holes of appropriate concentration can enhance the 
ferromagnetic coupling between them. 
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In the ZnO: Dy system, the s- f coupling is much larger than the f - f and f-p couplings, electron-
mediated ferromagnetism in ZnO: Dy system. Dysprosium has atomic number 66, and its ground state 
is listed as 5I8. As Griffith, D. 2005 [26] states the spin and angular magnetic moments of this state with 
S = 2, L = 6 and J = L + S = 8.  

 
The land g - factor is given by 

g =
3

2
+ 

J(J+1)+S(s+1)−l(l+1)

2J(J+1)
= 2.00  14 

T.Thangeeswari and his coworkers [27] invented room temperature ferromagnetism in Dy: ZnO and 
Yb: ZnO nanoparticles. The origin of ferromagnetism estimated from the magnetic exchange interaction 
between oxygen vacancy and Dy3+, Yb3+ ions forming bound magnetic Polaron. The effective number 
of Bohr Magnetron for the Dy3+ is 10.6. 

〈ɱ〉 =  
g2μ2

B

3

J(J+1)

KBT
B⃗⃗   15 

Where 〈ɱ〉 average of reduced magnetization, J, is the exchange integral, T-is temperature, and B⃗⃗  is 
magnetic field. As Junaid M et al. 2021 [28] Spectroscopic and quantum sizing technologies can be 
employed to determine the crystal size. As revealed, Powder X-rays can help to determine the crystal 
size and Phases of ZnO.  

 
RESULTS AND DISCUSSION 

Many researchers and experimenters have been studied the physical properties of such ZnO and RE 
separately. In this discussion, the parameters ascribing the phenomenon of magnetism and optical 
property are discussed. As the discussion, revealed, the magnetic and optical characteristics of the host 
and RE doped ZnO nanostructures have shown interdependence.  

 
Not only induced defects but also native defects will contribute for the ferromagnetic property. 

However, further heating the sample will reduce the saturation magnetizations and quenching of 
wavelength, which reinforce paramagnetic. In this section, the effect of RE doping on both magnetic 
optical properties is seen.  

 
Effect Of RE Doping 
Magnetic properties 

RE doping has been found a useful means to engineer electronic band structure, crystal structure, and 
lattice parameter. It is a means to deliberately introducing defect states responsible for color emissions 
and magnetic properties.  In this section, the effect of RE doping, temperatures and magnetic field in 
controlling the magnetic property of Dy doped ZnO is discussed in comparison with transition metal 
doped ZnO. The poles of the function in equation 3 are obtained at,𝜔 = 𝜔𝑜. 

 
The magnetic properties of RE doped ZnO are closely related with defects. In case of RE(Dy, Eu, & 

La) doped ZnO, the origin of magnetism is associated with oxygen vacancies. Native defects such as 
Zn interitial and an Oxygen vacancy creates local magnetic moments. Besides, La doping induces d0 
ferromagnetism although it lacks 4f-electron. Doping ZnO with La, generate ferroelectricity. Moreover, 
as Cong Li. Et al. 2018 [29] verified localized moments are coupled over long distances through the 
conduction electrons and create long-range magnetic order in ZnO doped La.  As reported by J. S. 
Malhotra et al. 2018 [30], 2% Dy doped ZnO shows the blend of weak ferromagnetic and paramagnetic 
behavior. Dy doped ZnO and Yb: ZnO nanoparticles show ferromagnetic properties due to the rare earth 
dopant. As compared to TM such Mn, Co, Ni and Fe doped ZnO, RE doped ZnO exhibits weaker 
ferromagnetism.  

 
The graph shows that the ferromagnetic magnetization as the frequency of the resonator increase. 

This is because as magnetization has inverse relations with temperature and thus with giant magneto 
resistance, the frequency increase above the natural frequency of the resonator. The phenomenon has 
the same feature as the electric potential which declines as the separation between electric charges 
increases Figure 4. 
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Figure 4. Magnetization against frequency of ferromagnetic resonator for dy doped ZnO. 

 

 
Figure 5. The relations among the exchange integral, and reduced magnetization; RE:ZnO.  

 

As illustrated in the figures, the exchange energy varies with the spin mixing. The value of reduced 

magnetization oscillates between -3μA/m to  3μA/m. It is passess through the equilibrium point at a 

value equal to exchange integral, 1oeVHowevere, it shows a sharp increase for a magnetization greater 

than 2.0μA/m to 3μA/m . It also decrease in the fashion in the range, -2.0μA/m to -3μA/m . However, 

in the range -1μA/m to 0μA/m/and or 0.0μA/m to 1μA/m it changes slowly. In general, figure 5 at 

constant exchnge energy, the magnetic moment oscilates at finite frequency as any other 

electromagnetic waves do. Consequntly, RE doped, ZnO exhibits  exhibits weak magnetic moment 

unlike to metal ferromagnets. 
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Figure 6. The change in magnetization with temperature. 

 
As shown in the Figure 6, the magnetization decreases with temperature. The magnetization gets 

infinite at a temperature closer to the room temperature.  In additional, defect and color centers. This 
result resembles with the experimental result, Yoon et al., 2012 [30] of Eu doped ZnO with varying Eu 
concentrations. This reveals that the ferromagnetic states are associated with defects (oxygen vacancy) 
and secondary phases. Moreover, Eu doped ZnO exhibit weak ferromagnetism associated with Eu3+ 
ions and bound magnetic Polaron. Unlike to transition metal doped ZnO, the magnetic moments of RE 
doped ZnO arises from the 4f incomplete sub shell.  

 
Unlike to metal nanoparticles such as Ag, which shows surface Plasmon resonance, rare earth metal 

doped ZnO nanoparticles exhibits confinement of delocalized energy states. This confinement due to 
Dy3+ ion cluster around the oxygen anion leads to the weak FM order. The spin component of 

Zn1−xDyxO is isotropic, whereas the orbital component reflects the symmetry leading to anisotropic 
effects. 

 
As CaO H. et al. 2014 [31] verified, in 3d5  ions such as Fe3+ or Mn2+, doped ZnO, the Fe and Mn 

takes the substitutional Zn2+. Hence, the donor electron is down spin and the effective coupling between 
two magnetic impurities falling within the same donor orbital is ferromagnetic.  However, Tan C., 2014 
[13] revealed that in Rare Earth (RE = Ce, Dy, Eu, Gd & La)-doped ZnO, unpaired spins are primarily 
located on the localized f-state of the ion. Particularly, Dy doped ZnO nanoparticles show the 
ferromagnetic properties due to the rare earth dopant. Similar fashion, Daksh and Agrawal Y. K. 2016 
[32-33] verified a shift from diamagnetic to weak ferromagnetism for Nd doped ZnO.  RE metals Ce, 
Eu, Gd, and Dy doped ZnO monolayer’s exhibits magnetic properties due to spin polarization between 
the DOS of up and down spin channels near the Fermi level. ZnO: Eu to ZnO: Yb the near configuration 
fluctuates around zero between the ferromagnetic and the antiferromagnetic states. 

 
Optical Properties 

Most rare earth metal ion has high atomic radii. Consequently, doping ZnO with rare earth metal 
increases its optical band gaps by Burstein-Moss effect. Particularly, doping of ZnO with La decreases 
the energy band gap.  Although, La doping doesn't typically change the hexagonal crystal structure of 
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ZnO, it can introduce lattice distortions and defects such as oxygen vacancies. These vacancies not only 
change the optical properties but also the magnetic properties of ZnO. This kind of doping can increase 
the transmission coefficient. 

 

The defects are responsible for color emissions governed XRD diffraction (Bragg’s law). 

2dsinθ = nλ  16 

Where λ is the wavelength, θ is the diffraction angle, and d- is the spacing between parallel planes, 

n- is order of diffraction. Using the Fraunhofer diffraction, and Bragg diffraction condition, the intensity 

profile can be calculated. 

(𝜃) =
2ℏ𝑐2

𝜋2𝜆4 (1 − 𝑐𝑜𝑠2(𝜃))  17 

Unlike to Dy and La doping, Eu doping of ZnO introduces a sharp, line emissions around the 

wavelength, λ = 615.8nm. Hence, for the case of Eu doped ZnO as a prime example,  

𝐼(𝜃) = 13.4𝑥106 𝑤

𝑚2 (1 − 𝑐𝑜𝑠2(𝜃))  18  

I(θ) is intensity as a function of angular displacement. This is due to transition of Europium ion, Eu3+ 

at 4f-4f electronic configuration. Consequently, it leads to energy transfer between defect levels 

resulting in luminescence quenching. 

 

As the Figure 7 illustrates, the intensity has shown a phase shift for every 90 degrees, periodically. 

This is due to the consequence of the crystalline nature of ZnO nanoparticles and RE doped ZnO. The 

calculation above is performed in the first and second Brillouin zone. The pattern of intensity as function 

of half width maxima is illustrated by Sugihartono et al. 2023 [34-35] in case of La doped ZnO. The 

Wavelength of La: ZnO is 613 nm which almost closer to the wavelength of Eu3+ doped ZnO. Thus, 

one can follow the same approach in order to investigate the change in intensity with angular 

displacement, θ. 

 

These quenching not only influence the optical property but also impinges the magnetic properties of 

ZnO nanoparticles. According to J. M. D. Coey, 2010 [34] nanoparticles are long-wavelength spin 

waves, which cannot be excited because the particle size fixes a maximum possible wavelength, like 

Magnons.  

 

 
Figure 7. The nature of Intensity as with half width half maxima  
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RE metal doped ZnO in Action 
Photonics and Photocatalytic activity 

ZnO nanostructure has been emerged as a potential candidate in Photocatalytic activity. Their ability 
to absorb light at defined wavelength range enables it useful in optical and magnetic sensor. ZnO is an 
important material in photonic devices, and photo catalyst. RE doped ZnO nanocrystals are good 
candidate for flat solar panel display phosphors due to efficient emission in the visible range. Another 
important applications of magnetic nanoparticles include, bioprocessing, color imaging, and forming 
ferrofluid for magnetic fluid hyperthermia.  

 
Dy has been regarded as an efficient dopant for ZnO nanoparticles to improve Photocatalytic activity. 

Zn1-xDyxO is outstanding nanomaterials for Photocatalytic application. As stated by Yang J et al. 2018 
[36], Dy doping in the ZnO crystal lattice reduce electron hole recombination, which is precondition 
for Photocatalytic activity. As Wang Y. et al. 2016 [37] stressed, both the Mn2+ and N doping can induce 
large amounts of surface defects which exhibits a strong Photocatalytic activity. Dhiman, P., et al. 2023 
[38] also demonstrated that Dy doped ZnO exhibits maximum degradation efficiency of 74.19% for 
removing tetracycline.  Tripathy, N & Kim, D., 2018 [39] had revealed that the biosensing efficiency 
of ZnO nanostructures can be modified by Metal oxide.  
 

As Song Z., et al. 2011 [40] Nonlinear optical microscopy provides means for high-contrast imaging 
of ZnO NPs lending in vitro and in vivo assessment of the nanoparticles uptake in skin, Dy doped ZnO 

is practically used as photo detector, particularly UV- detector. ZnO doped with  Dy3+ is characterized 

by emitting white light. A research findings, Pangul C. N., et al. 2018 [41] shows that Dy3+ doped ZnO 
nanofibers possess denser emissions at visible light region. In general, RE doping of ZnO increase the 
hydroxide radical and fasten photo degradation process. Consequently, RE (Dy, Eu and La) doping of 
ZnO enhance its photo catalytic process by delaying Exciton recombination.  
 
Biomedicine 

ZnO nanoparticles can be resized and surface structured for high grade biomedical applications. ZnO 
nanoparticles can be designed as antibacterial, anticancer, and contrast agents. ZnO nanoparticles are 
sociable to human body cells and tissues due to their biocompatibility. These properties make ZnO 
nanoparticles for targeted nanocarriers, cell therapy, and Gene therapy and targeted drug delivery 
systems.  As Mejía-Méndez, J. L. 2024 [42] published, RE metals such La doped ZnO nanoparticles 
have been reported to treatment of target neurological diseases. This research also revealed that machine 
learning approach can enhance therapeutic efficiency. ZnO nanoparticles are potentially used to treat 
leukemia and carcinoma cancer cell. It is also pharmaceutical products, and antibacterial. 

 
It has novel applications in nanomachines that can act as biological mimetic, biomaterials for tissue 

engineering. As research of Bisht G., et al. 2016 [43] indicates, ZnO nanoparticles have a wide range 
of applications in cancer therapy, biosensing, drug/gene delivery. Muhammad Torequl Islam et al. 2017 
[44] also demonstrates, Biosensors with photonic crystals are implemented for monitoring changes in 
proliferation and apoptosis of breast cancer cells. Moreover, as Carofiglio, M. et al. 2020 [45] 
demonstrated, RE metal doped ZnO is valuable in enhanced bio imaging, fluorescent imaging, 
antitumor and reactive oxidative species (ROS).  

 
RE doped ZnO is also used in coding, genome editing, DNA bio labeling, and Gene sequencing due 

to its distinguished magnetic and optical properties. Dy, Eu, & La doped ZnO is widely used Bio 

imaging, visualizing DNA, and magnetic separations. It is also used biomedicine as targeted drug 

delivery, cancer therapy, cell labels and imaging, environmental health and safety.  In practices, by 
optimizing and controlling the size, composition, crystal morphology, biophysical properties, RE doped 

ZnO can be leveraged for enhanced bioelectronics and biomedicine.  
 
CONCLUSION 

The magnetic properties of Dy doped ZnO is determined theoretically.  Magnetic properties and 

exchange integral are determined by multicar greens functions. The calculated values, particularly, the 
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exchange integral and the lande factor show that, Dy doped ZnO present weak ferromagnetism. 

However, Dy has high magnetic moment, Zn1−xDyxO exhibits weak ferromagnetism. The observed 

magnetism is due formation of defects, presence of Dy+2 and particle confinement. Compared to Mn 

doped ZnO, the observed ferromagnetism is weaker due to the fact p-d hybridization is stronger than 

hybridization d-f orbital’s in Dy doped ZnO. In general, ZnO nanoparticles exhibits different magnetic 

and optical properties depending on the crystal structure, atomic size, amount of concentrations, size of 

interactions, and type of RE ions.  By optimizing such varied physical properties RE doped ZnO can be 

tailored for enhanced bioelectronics, solar cells, Photocatalytic activities, and biomedicine. Particularly, 

RE (Dy, Eu, and La) doping of ZnO improves the Photocatalytic process such degradation of dyes by 

delaying Exciton recombination. Moreover, ZnO doped with Dy, Eu and La increases efficiency of 

biosensors for detecting pathogens, cancerous cell/tissues, and cardiovascular diseases. Consequently, 

doping ZnO with rare earth metal ions improves both magnetic and optical properties and enhances its 

biomedical and photo catalytic activity. In the future work, RE (Dy, Eu, and La) doped ZnO guided 

with magnetic field will be further studied for application in nanozymes and medical biotechnology.  
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