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ABSTRACT 
 

 

In this work, the nonlinear optical properties of Cu(1−2x) Ni(x)Zn(x)Fe₂O₄ 

nano-magnetic materials were systematically investigated in relation to the 

Jahn–Teller distortion degree. A series of samples with x = 0, 0.03, 0.06, 

and 0.09 were synthesized using the citrate method, where the co-

substitution of Ni²⁺ and Zn²⁺ ions was employed to control the extent of 

Jahn–Teller distortion and induce a gradual structural transition from 

tetragonal to cubic symmetry. The nonlinear optical response of the 

prepared nanofluids was examined using the far-field diffraction ring 

patterns method under continuous-wave laser excitation at 532 nm. The 

evolution of diffraction rings was analyzed as a function of laser power and 

sample concentration, enabling the determination of the nonlinear refractive 

index (n₂) and thermo-optic coefficient (dn/dT). The results reveal a clear 

correlation between the Jahn–Teller distortion degree and the nonlinear 

optical behavior, where a reduction in structural distortion leads to a 

pronounced enhancement of the nonlinear response and diffraction ring 

formation. These findings demonstrate that the nonlinear optical properties 

of spinel ferrite nanofluids can be effectively tuned through Jahn–Teller 

distortion engineering, highlighting their potential for applications in 

optical switching, optical limiting, and photonic devices. 
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INTRODUCTION 

Nano-magnetic materials have attracted 

considerable attention due to their size-dependent 

physical properties and wide-ranging applications in 

data storage, magnetic sensors, biomedical devices, 

and photonic technologies [1–6]. At the nanoscale, 

subtle variations in crystal structure, cation 

distribution, and electronic configuration can 

significantly influence the optical and magnetic 

responses of these materials. In recent years, the 

integration of nano-magnetic materials into electro-

optic and photonic systems has opened new 

opportunities for developing multifunctional devices 

with tunable optical characteristics [7–14]. 

      Among nano-magnetic materials, spinel 

ferrites (MFe₂O₄) constitute an important class 

owing to their remarkable magnetic, electrical, and 

optical properties [15–18]. Their flexible crystal 

structure allows for various cation substitutions at 

tetrahedral and octahedral sites, enabling precise 

control over structural symmetry and electronic 

interactions. This tunability makes spinel ferrites 

promising candidates for nonlinear optical (NLO) 

applications, including optical modulation, optical 

limiting, and photonic switching [19–25]. Although 

nonlinear optical phenomena have been extensively 

investigated in semiconductors and dielectric 

materials, studies on spinel ferrite nanostructures 

remain relatively limited, particularly with respect to 

structure–property correlations. 

     One of the key structural factors 

influencing the physical properties of spinel ferrites 

is the Jahn–Teller effect (JTE), which originates 

from the presence of electronically degenerate states 

in transition-metal ions. In copper-containing 

ferrites, the Cu²⁺ ion with a 3d⁹ electronic 

configuration induces lattice distortion when 

occupying octahedral sites, leading to symmetry 

lowering from cubic to tetragonal structures [29–

31]. This distortion alters the electronic band 

structure, orbital overlap, and phonon interactions, 

thereby affecting optical absorption, refractive index 

modulation, and nonlinear optical behavior. Closely 

related to the Jahn–Teller effect is the pseudo Jahn–

Teller effect, which arises from vibronic coupling 

between non-degenerate electronic states and has 

been shown, through computational studies, to play 

a critical role in structural instability and electronic 

redistribution in various molecular and solid-state 

systems [32, 33]. Recent theoretical investigations 

have demonstrated that Jahn–Teller and pseudo 

Jahn–Teller interactions can significantly modify 

electronic energy landscapes and optical responses, 

emphasizing the importance of combining structural 

distortion analysis with electronic-level 

understanding. 

       Despite the recognized influence of the 

Jahn–Teller effect on the structural and magnetic 

properties of ferrites, its direct impact on nonlinear 

optical behavior, particularly in nano-magnetic 

fluids, has not been systematically explored. In most 

previous studies, nonlinear optical properties of 

ferrites were reported without explicitly correlating 

the observed optical response to controlled 

variations in Jahn–Teller distortion. Consequently, a 

clear experimental framework linking crystal 

symmetry distortion to nonlinear optical 

performance is still lacking. 

       In this work, we address this gap by 

systematically investigating the nonlinear optical 

properties of Cu (1−2x) Ni(x) Zn(x) Fe₂O₄ nano-

magnetic materials with controlled Jahn–Teller 

distortion degrees. By co-substituting Ni²⁺ and Zn²⁺ 

ions for Cu²⁺, the extent of Jahn–Teller distortion is 

gradually reduced, inducing a structural transition 

from tetragonal to cubic symmetry. The nonlinear 

optical response of the resulting nanofluids is 

examined using the far-field diffraction ring patterns 

method under continuous-wave laser excitation. 

This technique provides a sensitive and direct probe 
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of nonlinear refractive effects, allowing the 

extraction of key parameters such as the nonlinear 

refractive index (n₂) and thermo-optic coefficient 

(dn/dT). 

       In this study, the nonlinear optical 

properties of Cu (1−2x) Ni(x) Zn(x) Fe₂O₄ nano-

magnetic materials are systematically investigated 

with an emphasis on the role of Jahn–Teller 

distortion. By co-substituting Ni²⁺ and Zn²⁺ ions for 

Cu²⁺, the degree of Jahn–Teller distortion is 

deliberately tuned, leading to a gradual structural 

evolution from tetragonal to cubic symmetry. The 

nonlinear optical response of the resulting 

nanofluids is examined using the far-field diffraction 

ring patterns method under continuous-wave laser 

excitation, enabling the extraction of the nonlinear 

refractive index and thermo-optic coefficient. This 

approach establishes a direct experimental link 

between structural symmetry distortion and 

nonlinear optical behavior in spinel ferrite 

nanomaterials, demonstrating that Jahn–Teller 

distortion engineering provides an effective route for 

tuning nonlinear optical responses in ferrite-based 

systems. 

 

EXPERIMENTAL  

Materials 

Copper nitrate (Cu(NO₃)₂·3H₂O), 

nickel nitrate (Ni(NO₃)₂·6H₂O), zinc nitrate 

(Zn(NO₃)₂·6H₂O), iron(III) nitrate 

(Fe(NO₃)₃·9H₂O), and citric acid (C₆H₈O₇) were 

used as starting materials for the synthesis of 

Cu(1−2x)Ni(x)Zn(x)Fe₂O₄  nanoparticles. All 

chemicals were of analytical grade and were 

purchased from Merck (Germany) without 

further purification. Deionized water was used 

throughout the synthesis process.  

 

Synthesis of Cu(1−2x)Ni(x)Zn(x)Fe2O4 

Nanomagnetic particles 

Cu (1−2x) Ni(x) Zn(x) Fe₂O₄ nanoparticles with 

x = 0, 0.03, 0.06, and 0.09 were synthesized using the 

citrate sol–gel method. Stoichiometric amounts of 

copper nitrate, iron(III) nitrate, nickel nitrate, and zinc 

nitrate were weighed according to the desired 

compositions (Table 1) and dissolved separately in 

deionized water to obtain clear solutions. Citric acid 

was then added as a chelating agent with a metal nitrate 

to citric acid molar ratio of 1:1. 

The mixed solution was magnetically stirred 

at room temperature for 45 min to ensure homogeneity 

and subsequently heated in a water bath at 80 °C for 

2.5 h under continuous stirring. During this process, 

ammonia solution was added dropwise to adjust the pH 

of the solution to approximately 7, which facilitated 

complex formation and gelation. The solution 

gradually transformed into a viscous gel upon 

continued heating. 

The obtained gel was dried in an oven at 200 

°C for 12 h with a controlled heating rate of 1 °C per 

10 min to remove residual solvents and organic 

components. The resulting dried precursor was then 

calcined in air at temperatures of 450, 600, 750, and 

900 °C to achieve phase formation and crystallization 

of the ferrite nanoparticles.

Table 1: The amount of grams calculated for each the composition 

Cu
(1−2x)

Ni
(x)

Zn
(x)

Fe2O4 

Result x Cu(NO3)2 Ni(NO3)2 Fe(NO3)2 Zn(NO3)2 C6H8O7 

CuFe2O4 0 1.0074 0 3.3775 0 6.4248 

Cu0.94Ni0.03Zn0.03Fe2O4 0.03 0.9490 0.0364 3.3780 0.0328 6.4248 

Cu0.88Ni0.06Zn0.06Fe2O4 0.06 0.8890 0.0730 3.3790 0.0656 6.4267 

Cu0.82Ni0.09Zn0.09Fe2O4 0.09 0.8290 0.1090 3.3800 0.0980 6.4286 
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The Jahn-Teller effect 

The Jahn-Teller effect (JTE) arises when a 

molecule in a degenerate electronic state distorts to 

lower its symmetry and energy. This phenomenon is 

common in transition metal complexes and affects 

their reactivity and magnetic properties. 

Understanding the Jahn-Teller effect is crucial in 

predicting and explaining the behavior of these 

systems in various chemical reactions and physical 

processes. Researchers continue to explore its 

intricacies and applications in diverse fields such as 

chemistry, physics, and materials sciences [30]. 

Among magnetic nano-materials, Spinel 

Magnetic Ferrites (SMF) has valuable optical, 

magnetic, and electrical properties [38]. The use of 

Spinel Ferrites has created a wide range of 

applications for them due to their magnetic and 

electrical properties such as high magnetization 

(Ms) and favorable dielectric properties. The 

structure of Spinel Ferrites can be represented by a 

general formula (M1 − δFeδ)[MδFe22 − δ]O4, where δ 

is the inversion factor of the cation distribution. 

Also, M stands for a diva- lent metal ion (Mg2+, 

Mn2+, Co2+, Ni2+, Cu2+, and Zn2+). Fe is the 

trivalent metal cation (Fe3+) occupies the FCC 

network formed by O2− anions. Researchers 

employ the inversion parameter δ to assess the 

cation distribution in Spinel Ferrites. This 

parameter quantifies the degree of inversion between 

octahedral and tetrahedral sites within the crystal 

lattice. The larger the value of this parameter 

means that there are more the Jan Teller divalent 

cations (Cu (2+)) in the octahedral position. The 

Jahn-Teller effect is caused by the presence of 

(Cu(2+)3d9) cations in the octahedral site, which 

leads to stretching or compressing the octahedral 

FeO6 along the c-axis, and the spinel structure 

deviates towards tetragonal. Understanding the 

distribution of cations within spinel ferrites is 

essential for optimizing their magnetic and 

electrical properties [38]. By manipulating the 

inversion parameter, scientists can tailor these 

materials for specific applications in electronics, 

data storage, and other technological 

advancements. This research plays a key role in 

advancing material science and engineering 

disciplines. 

 

Nonlinear optical setup 

Various techniques to characterize the 

nonlinear (NL) optical response are presented. 

These methods include Z-scan technique[42], 

Pump-probe spectroscopy[43], Harmonic 

generation analysis[42], and Diffraction ring 

patterns analysis[39]. By employing these 

methods, researchers can better understand the 

nonlinear behavior of materials under intense 

laser irradiation, paving the way for innovative 

technologies in fields such as laser 

manufacturing, optical communications, and 

quantum optics. The Z-scan technique measures 

the nonlinear refractive index of a material by 

scanning a focused laser beam through it. Pump-

probe spectroscopy involves the excitation of a 

sample with two synchronized laser pulses to 

study its ultrafast dynamics. Harmonic 

generation analysis studies the generation of 

higher harmonic frequencies in response to an 

incident laser beam. Diffraction ring patterns 

analysis involves analyzing the diffraction ring 

patterns formed when a material interacts with 

light. This advanced technique provides valuable 

insights into the nonlinear optical properties of 

materials and is important for various 

applications in photonics and optoelectronics. 

When a high-power Gaussian laser interacts with 

a non-linear medium, it produces far-field 

diffraction patterns known as Fraunhofer 

patterns. These patterns consist of concentric 

rings and their characteristics, such as the size of 
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the focal point and the spacing between the rings, 

vary based on the optical system’s properties 

[39]. The formation of the ring pattern is a result 

of various physical mechanisms causing phase 

shifts on the Gaussian wave front [40]. Several 

physical mechanisms are responsible for the 

phase shift on the Gaussian wavefront that 

creates the shape of the rings in the Fraunhofer 

diffraction pattern. As a result, the distorted re-

radiation waves have different frequencies from 

the incident wave, and from the number of loops, 

the relationship of the non-linear refractive index 

of the material is obtained. In the experimental 

setup (see figure 1), a Gaussian beam of a 

continuous-wave diode pumped solid state laser 

operating at a wavelength of 532 nm was 

directed at the cell using a lens with a focal length 

of 190 mm. The laser beam was carefully 

focused to ensure optimal illumination of the 

sample surface. The cell was placed between the 

lens and the focus point, containing nano-fluid 

had a path length of 1 mm. The setup also 

included a Camera (Basler acA640-750uc) to 

capture the interaction between the laser beam 

and the sample, providing valuable data on the 

sample’s response to the laser irradiation. The 

Basler acA640-750uc USB 3.0 camera with the 

ON Semiconductor PYTHON, 300 CMOS 

sensor, delivers 751 frames per second at VGA 

resolution. The laser beam diameter at the 

sample was determined to be 0.5 mm. To ensure 

the effective heating of a fluid, the nano-fluid 

must exhibits a high absorption capacity for 

green light. Upon passing through the nano-

fluid, the laser beam displayed a phenomenon of 

divergence, forming a series of concentric 

diffraction rings that illuminated the screen. The 

diffraction ring patterns were observed and 

documented by positioning the screen at a 

distance of 50 cm from the front of the cell. 

 

RESULTS AND DISCUSSIONS  

 

Characterization of Cu(1−2x)Ni(x)Zn(x)F e2O4 

Nano-magnetic particles 

Fig. 2 shows the X-ray diffraction 

patterns of Cu (1−2x) Ni(x) Zn(x) Fe₂O₄ nanoparticles 

with different Jahn–Teller distortion degrees. 

The diffraction patterns indicate that increasing 

Ni/Zn co-substitution leads to a gradual 

structural transition from a tetragonal phase (x 

= 0) to a nearly cubic phase (x = 0.09). This 

transformation is attributed to the progressive 

reduction of Jahn–Teller distortion caused by 

the substitution of Cu²⁺ ions with Ni²⁺ and Zn²⁺ 

ions, which suppresses the cooperative Jahn–

Teller effect associated with Cu²⁺ (3d⁹) ions in 

octahedral sites. The observed phase evolution 

confirms that the Jahn–Teller distortion degree 

can be effectively controlled through 

compositional tuning.  

Fig. 2 illustrates a gradual transition of the 

structural phase from tetragonal in sample x = 0.0 

to nearly complete cubic in sample x = 0.09, 

indicating a complete Jahn-Teller effect 

transformation. Miller indices of the tetragonal and 

cubic structures, respectively, are labeled on the 

peaks of the X-ray diffraction patterns of samples 

x = 0.0 and x = 0.09, denoting the crystallographic 

phase changes. 
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Fig. 1: Optical setup used to record the far-field diffraction ring patterns. 

 

 

 

Fig. 2: 4: X-ray diffraction pattern of Cu (1−2x) Ni(x) Zn(x) Fe2O4 with various the Jahn-Teller 

distortions. 

Nonlinear optical studies 

Our study has concentrated on exploring the 

correlation between the number of diffraction rings 

observed and the intensity of the excitation laser 

beams, the concentration of samples, and the Jahn-

Teller degrees (x=0, 0.03, 0.06, and 0.09). By 

adjusting the power of the laser beam (p=147, 58, 

and 17.8 mW), we could observe variations in the 

diffraction pattern produced by the sample. Also, 

by changing the concentration of samples 

(c=0.01gr/cm3, 0.03gr/cm3, and 0.05gr/cm3), the 

relationship between the number of diffraction 

rings and the concentration of nano-fluid 

determined. This analysis provided valuable 

insights into the material’s response to different 

levels of laser irradiation and helped us characterize 

the optical properties of the sample under varying 

excitation conditions; the new results have led to 

calculating the nonlinear refractive index 

coefficient (n2) and the thermo-optic coefficient 

(dn/dT ). Fig. 3a-d shows the time evolution far-field 

diffraction patterns of the laser beam passing through 

the nano-fluid with the different Jahn-Teller distortion 

degree(x) in laser beam power of p=147 mW, which 

was recorded by increasing the input laser power. At 
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high input power (p = 147mW), with the increase 

of x, the Jahn-Teller effect (crystal disorder) 

decreases. As it is known, at x = 0 and x = 0.03, 

diffraction rings are not formed and have minimal 

resolution. At x = 0.06 and x = 0.09, the time 

evolution of the diffraction rings is quite evident. 

To investigate the dependence of the Jahn-Teller 

passing through the nano-fluid for (a) x=0, (b) x= 

0.03, (c) x= 0.06, and x= 0.09.  

 

Effect on the incident laser beam power on 

the sample, the complete diffraction rings are selected 

and shown in Fig. 4. This Fig. 4.a corresponds to the 

power of the incident laser beam equal to 147 mW, 

Fig. 4.b corresponds to the power of the incident 

laser beam equal to 58 mW, and Fig. 4.c 

corresponds to the laser beam with the incident 

power of 17.8 mW. Fig. 4, clearly shows that in 

power of 147 mW, shows nonlinear behavior more 

clearly compared to other powers (diffraction rings 

are obvious). It can also be seen at the power of 

147 mW that more diffraction rings are observed 

with decreasing Jahn–Teller distortion degree, 

corresponding to higher Ni/Zn substitution levels. 

This behavior indicates that the reduction of Jahn–

Teller-induced structural distortion enhances the 

nonlinear refractive response of the nanofluid. Also, 

with the rise of the power of the incident beam on 

the sample, the diffraction rings change from a 

circular shape (horizontal diameter equals vertical 

one) to an elliptical shape. When the diffraction 

rings change shape, it is a sign of increased 

convective effect in the vertical direction of each 

pattern, this phenomenon is called the collapse 

effect. In Fig. 4., it is pretty evident that with the 

increase of laser power, the convective effect has 

prevailed. In this effect, convection effect becomes 

relevant. The enhancement of diffraction ring 

formation at lower Jahn–Teller distortion degrees 

can be attributed to improved structural symmetry 

and reduced lattice strain, which facilitate stronger 

light–matter interaction and more efficient nonlinear 

refractive index modulation. 

 

  

(a) (b) 
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(c) (d) 

 

Fig. 3: Images of the temporal evolution of the far-field diffraction pattern of a 147 mW laser beam  

 

 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 4: The observed diffraction rings with different the Jahn-Teller distortion degree at far field on 

screen with different laser beam powers (a)147mW, (b)58mW, and (c) 17.8mW. 
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(a) 

 

(b) 

 

(c) 

 

Fig. 5: The observed diffraction rings with different the Jahn-Teller distortion degree at far field on 

screen in power 147mW with different concentrations (a)0.01gr/cm3, (b)0.03gr/cm3, and (c) 0.05 

gr/cm3. 

 

  

(a) (b) 

  

(c) (d) 

 

Fig. 6: The observed diffraction rings with different input laser power and with the Jahn-Teller 

distortion degrees (a) x=0, (b) x= 0.03, (c) x = 0.06, and (d) x=0.09. 
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Fig. 5, clearly shows that in C=0.03gr./cm3, 

shows nonlinear behavior more clearly compared to 

other concentrations (diffraction rings are 

completely visible). 

In Fig.6, it is clear that in 147mW and x= 

0.09, the diffraction rings pattern deformed. This 

shows that the collapse effect starts to appear in the 

nano-magneto fluid. 

Fig. 7, shows the changes in the nonlinear 

behavior of the samples at different concentrations. 

Fig. 7 clearly shows that as the concentration of 

nano-fluid increases, the number of diffraction 

rings increases, and also, the shape of the rings 

changes. In concentrations of 0.01gr/cm3 and 

0.03gr/cm3, the rings are completely circular 

(horizontal and vertical diameters are equal). In this 

concentration, conduction effects are dominant and 

convection effects are negligible. At a higher 

concentration, i.e. c= 0.05gr/cm3, the shape of the 

diffraction rings changes, and the vertical 

diameter increases compared to the horizontal 

diameter. In this concentration, the effect of 

convective flow becomes dominant. In Fig. 7. b 

and c correspond to x=0.03 and 0.06, results show 

that in the concentration of c=0.03 gr/cm3 and 0.05 

gr/cm3 the shape of the diffraction rings changes. 

This result clearly shows that with the decrease in 

the Jahn-Teller effect distortion degree, the 

deformation of the diffraction rings has increased, 

and in fact, the dominance of the convective effect 

has increased. 

 

  

(a) (b) 

  

(c) (d) 

 

Fig. 7: The observed diffraction rings with different concentrations of samples and with the Jahn-

Teller distortion degrees (a) x=0, (b) x= 0.03, (c) x=0.06, and (d) x = 0.09. 
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(a) 

 

(b) 

 

(c) 

 

Fig. 8: Images of the temporal evolution of the far-field diffraction pattern of a laser beam passing 

through the liquid sample for x=0, and (a) p=147mW, (b) p= 58mW, and (c) p=17.8mW. 

Table 2: The calculated NL optical parameters. N/A indicates that diffraction rings were not clearly 

formed and the nonlinear refractive index could not be reliably extracted. 
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 n2(cm2/W ) × 10−12 

 P1 = 147mW P2 = 58mW P3 = 17.8mW 

 C1 = 0.01 C2 = 0.03 C3 = 0.05 C1 = 0.01 C2 = 0.03 C3 = 0.05 C1,2,3 

x = 0 −0.8736 −2.1840 −1.9656 −0.5535 −2.7677 −1.6606 N/A 

x = 0.03 −0.6552 −2.6208 −2.1840 −0.5535 −3.3213 −2.2142 N/A 

x = 0.06 −1.0920 −3.0577 −2.4024 −0.5535 −3.3213 −2.2142 N/A 

x = 0.09 −1.3104 −3.4945 −2.6208 −0.5535 −4.4284 −2.7679 N/A 

 

Fig. 8a-c shows the temporal evolution far-

field diffraction patterns of the laser beam passing 

through the nano-fluid with lower Jahn-Teller 

distortion degree (x = 0) in different concentration 

of nano-fluid in high power laser (147mW). The 

diffraction rings were recorded by changing the 

concentration of samples. The change in the non- 

linear behavior of the sample is observed in different 

concentrations. In Fig. 8 observed that, because 

conductive effects prevail over convective effects in 

the nano-fluid, the spot of the laser beam remains 

circular (vertical diameter equals the horizontal one) 

until about 300 ms. But deformed the spot diffraction 

rings after about 450 ms, the convective effects 

become relevant. The diameter of the outermost ring 

in the vertical direction increases with the increasing 

the time of laser radiation, after 700 ms in the 

horizontal direction the diameter of the outermost 

ring increases with the increasing the time of laser 

radiation. 

The intensity-dependent refractive index is 

given by [43] 

n = n0 + n2I      (1) 

Where n2 is the nonlinear refractive 

index or the third-order refractive index, I is laser 

input intensity (𝐼 =
2𝑝2

𝜋𝜔0
), n0 is the linear refractive 

index, and n is the total refractive index of the medium. 

Also, the nonlinear refractive index can be expressed 

in term X(3): 

𝑛2 =
3𝑅𝑒𝑋(3)

4∈𝑐𝑛2
   (2) 

The nonlinear refractive index n2 for the 

diffraction ring patterns can be expressed by 

following equation [39]: 

𝑛2 =
𝜋𝜔0

2𝜆𝑁

2𝐿𝑒𝑓𝑓𝑃
′     (3) 

Where the Eq. 3 The nonlinear refractive 

index (n2) is related to the number of rings observed 

(N), ω0 is the beam waist of the laser beam in a focal 

point, and Leff effective length. 

The captured observed diffraction rings 

were accounted for from the obtained figures. Then, 

all the nonlinear refractive indices (n2) are obtained 

by using Eq. 3. Its calculated values for n2 are shown 

in Table 2. 

The comparison of the number of 

diffraction rings with the Jahn-Teller distortion 

degree in laser power intensity of 147mW is 

illustrated in Fig. 9a, where a clear correlation is 

observed. Conversely, Fig. 9b presents the 

association between these factors in various sample 

concentrations. Notably, at C = 0.03gr/cm3, 

significant enhancements in the sample’s nonlinear 

characteristics were identified. This finding 

suggests a direct link between the Jahn-Teller effect 

and the optical behavior of the material. 

The relation between the number of 

diffraction rings and laser power intensity is 

illustrated in Fig. 10. The straight red line denotes 

the fitting of experimental data to x = 0 (highest 
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the Jahn-Teller distortion). The slope of the 

highest of the Jahn Teller distortion is the most 

significant value among other samples (
𝑑𝑁

𝑑𝑃
=

0.1053). This graphical representation provides a 

clear visualization of how the diffraction rings 

change in response to varying laser power 

intensities. Understanding this relationship is crucial 

for interpreting the experimental results accurately 

and drawing meaningful conclusions about the 

nonlinear optical behavior of nano-magnetic 

materials. Overall, the nonlinear optical 

measurements demonstrate a strong correlation 

between Jahn–Teller distortion degree and nonlinear 

refractive behavior in Cu (1−2x) Ni(x) Zn(x) Fe2O4 

nano-fluids. The systematic reduction of Jahn–

Teller distortion enhances diffraction ring formation 

and nonlinear refractive index magnitude, 

highlighting the critical role of structural symmetry 

in governing nonlinear optical responses. 

 

  

(a) (b) 

 

Fig. 9: Variation of the No. Of diffraction rings concerning to the Jahn-Teller distortion degree in (a) 

power laser=147mW, and (b) different concentrations 

 

Fig. 10: Variation of the No. Of diffraction rings concerning the incident laser power intensity. 
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CONCLUSION 

In this study, Cu (1−2x) Ni(x) Zn(x) Fe₂O₄ 

nano-magnetic materials with different Jahn–Teller          

distortion degrees were successfully synthesized 

using the citrate method. Controlled co-substitution 

of Ni²⁺ and Zn²⁺ ions for Cu²⁺ enabled systematic 

tuning of the Jahn–Teller distortion, resulting in a 

gradual structural transition from tetragonal to cubic 

symmetry. The nonlinear optical behavior of the 

resulting nanofluids was investigated using the far-

field diffraction ring patterns technique under 

continuous-wave laser excitation. 

 

The experimental results demonstrate a 

clear and direct correlation between Jahn–Teller 

distortion and nonlinear optical response. A 

reduction in Jahn–Teller induced structural 

distortion leads to enhanced diffraction ring 

formation and an increased nonlinear refractive 

index, indicating stronger light–matter interaction in 

samples with higher structural symmetry. The 

observed dependence of nonlinear optical 

parameters on laser power and sample concentration 

further confirms the sensitivity of the nonlinear 

response to both intrinsic structural factors and 

external excitation conditions. 

 

Overall, these findings establish Jahn–

Teller distortion engineering as an effective strategy 

for tuning the nonlinear optical properties of spinel 

ferrite nanofluids. By linking crystal symmetry 

control to nonlinear optical performance, this work 

provides valuable insights into the design of nano-

magnetic materials for photonic and optoelectronic 

applications. 

 

Outlook and Future Perspectives 

Future studies could benefit from 

complementary theoretical and computational 

investigations, such as density functional theory or 

ligand-field-based modeling, to further elucidate the 

electronic mechanisms underlying Jahn–Teller and 

pseudo Jahn–Teller effects in ferrite systems. 

Extending the present approach to other dopant 

combinations, excitation wavelengths, and 

experimental configurations may enable enhanced 

control over nonlinear optical behavior. Moreover, 

exploring practical device-level demonstrations, 

including optical limiting and all-optical switching 

applications, could further advance the 

technological potential of Jahn–Teller-engineered 

nano-magnetic materials. 
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