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Abstract

Spinel ferrites are technologically important materials whose properties can be tuned by doping. In this study, we exam-
ine how nominal Bi addition (0 < x < 0.03) in Co-Zn ferrite nanoparticles modifies metal-oxygen vibrational features and
derived elastic metrics of FTIR spectroscopy. Cog¢Zng4Fe;_yxBixO4 nanoparticles were synthesized via solution combus-
tion, and FTIR spectra were used to probe the tetrahedral (v4) and octahedral (vz) metal-oxygen vibrational contributions.
FTIR peak fitting indicates a reproducible blue-shift of the octahedral contribution while v4 remains same. Effective elas-
tic constants (Cj;, C12) and moduli (E,G,B) estimated from IR-derived force constants show an increasing trend with Bi
content, and the Debye parameters derived from optical wave-numbers (9{)) and acoustic velocities (95 ) increase compa-
rably within propagated uncertainties. Overall, the observed trends suggest vibrational hardening and increased effective

stiffness with Bi addition.
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1 Introduction

Spinel ferrite materials are technologically important due to their versatile magnetic and mechanical properties, finding
applications in devices such as transformers, inductors, and magnetic sensors [1]. Infrared (IR) spectroscopy is widely
recognized as a powerful analytical tool for chemical identification and structural characterization. Its main advantage
over other structural techniques lies in its ability to provide rapid and reliable information about molecular structure
using only a small amount of material, without requiring complex analytical procedures. The technique is based on the
selective absorption of infrared radiation by a material, which depends on the vibrational frequencies of its molecular
bonds. The resulting absorption bands correspond to characteristic functional groups and bonding environments within
the compound [2, 3]. In spinel ferrite systems, these absorption features can be distinguished according to the vibrations
of cations occupying tetrahedral (A) and octahedral (B) sites in the crystal lattice . As reported by Waldron [4], the
infrared spectra of spinel ferrites generally exhibit two principal absorption bands: a high-frequency band (580-605 cm ™)
associated with A-site vibrations and a low-frequency band (408-425 cm~!) corresponding to B-site vibrations. These two
characteristic bands arise from the difference in Fe** —0?~ bond lengths between the A and B sites. Such M-O vibrational
band assignments have been consistently observed across various cobalt and mixed spinel ferrites [5].

The investigation of the elastic properties of ferrite materials is fundamentally important for understanding the intrin-

sic bonding mechanisms at the atomic scale. Such elastic constants directly determine the Debye temperature, linking



mechanical stiffness to lattice thermal properties [6]. These studies provide valuable insights into interatomic and inte-
rionic forces, lattice stability, and the coupling between mechanical and thermal behaviors of solids [7]. Indeed, gradual
compositional changes in ferrites have been observed to systematically shift the Debye temperature by modifying vibra-
tional frequencies and bond strengths [8]. Notably, the Debye temperature can be derived from the elastic properties of a
material, as it is directly proportional to the average sound velocity, which in turn depends on the elastic constants. This
approach allows for the estimation of the Debye temperature without the need for specific-heat measurements, particu-
larly advantageous at very low temperatures, where the relationship between vibrational and elastic properties is most
pronounced.

Moreover, in ferrites, mechanical stress can induce variations in magnetization through magnetostrictive and piezo-
magnetic effects, while sudden mechanical shocks may trigger domain-wall motion and energy dissipation. Conversely,
changes in magnetic order can also influence lattice dynamics in magnetostrictive materials. An intriguing characteristic
of cobalt ferrites substituted with nonmagnetic Zn>* ions is the enhancement of their saturation magnetization. This ef-
fect occurs because Zn>* ions preferentially occupy the tetrahedral (A) sites, similar to their behavior in pure zinc ferrite,
thereby reducing the A-site contribution to the overall magnetization. Consequently, partial Zn substitution (e.g., 10 mol%
in Cog.9Zng.1Fe»04) leads to an increase in the magnetization of CoFe;04 by approximately 0.8ug per formula unit. Simi-
larly, substitution with heavy trivalent ions like Bi** is known to alter cation distributions and anisotropy in spinel ferrites.
Thus, we anticipate that introducing Bi** into Co-Zn ferrite could significantly affect its lattice vibrational properties.

This work addresses that gap by examining how low-level Bi addition (x < 0.03) influences the vibrational spectrum
and IR-derived elastic parameters of Co-Zn ferrite nanoparticles via FTIR analysis. The novelty of this work lies in
reporting reproducible FTIR peak shifts with uncertainty quantification and mapping these spectral trends onto effective
elastic metrics using established semi-empirical IR—elasticity relations. Importantly, this study is intentionally limited
to FTIR-accessible vibrational signatures and derived elastic metrics. It does not claim crystallographic proof of Bi site

occupancy or verified elemental stoichiometry without independent structural probes.

2 Experimental procedure

A series of Cog.¢Zng.4Fe;_xBixO4 (0 < x < 0.03) nanoparticles with nominal compositions of x= 0.0, 0.005, 0.01, and
0.03 mol were synthesized using the combustion reaction method [9]. The compositions are nominal and are defined by
precursor stoichiometry; no independent elemental quantification was performed in this work. The Bi** doping range
was limited to x = 0.03 to avoid the formation of secondary phases, as higher Bi content can exceed the solubility in the
spinel lattice and induce impurity phases. This low solubility is expected due to the large ionic radius mismatch between
Bi** and the host spinel cations. However, in the absence of diffraction refinement, this work does not report lattice-
parameter trends as evidence of substitution and instead focuses on spectroscopic trends. Analytical-grade reagents from
Aldrich (New Jersey, USA) were used, including cobalt nitrate (Co(NO3), - 6H,0), bismuth nitrate (Bi(NOs3)3 - 5H,0), iron

nitrate (Fe(NOs)s3-9H,0), and urea (CO(NH;),) as fuel. Urea was selected as the fuel because its high nitrogen content



and exothermic decomposition facilitate a self-sustaining combustion reaction, yielding homogeneous and fine ferrite
powders. For each composition, appropriate amounts of nitrates and fuel were dissolved in deionized water (Milli-Q) in
a wide-mouth glass basin. The mixture was stirred until a homogeneous solution formed, then placed on a preheated
hot plate (approximately 400°C) in a ventilated fume hood. Within minutes, the solution began to boil, releasing water
vapor, followed by the emission of additional gases. This process culminated in ignition, producing an intense flame
(approximately 1000°C), which rapidly converted the solution into a fragile foam that disintegrated into a fine powder
with slight agitation. No additional calcination or sintering was performed. Therefore, the present study reports FTIR-
accessible vibrational signatures of the as-prepared powders and derived elastic trends without using XRD-based phase
identification or crystallographic refinement.

Infrared spectra (FT-IR) were obtained using a Perkin-Elmer Spectrum System 400, with samples prepared in KBr
pellets (1%) and measured across the 380-4000 c¢m~! range. All FTIR measurements were performed in triplicate using
independently prepared KBr pellets to ensure reproducibility. Peak positions were extracted using Lorentzian fitting, and
uncertainties were determined from standard deviation across measurements. The instrumental resolution of the FTIR

spectrometer was 2 cm~ !, and reported peak shifts exceeding this resolution were considered statistically significant.

3 Result and discussions

3.1 FTIR Spectral Features and Phase Integrity

The FTIR spectra of pure cobalt-zinc ferrite (CoFe;04) and Bi-doped Co-Zn ferrite nanoparticles (Cog.¢Zng.4Fes—xBixOy,
for x = 0, 0.005, 0.010, and 0.030) are shown in Fig. 1, revealing the two characteristic spinel ferrite absorption bands
centered at 571 +2cm~! and 386 +2cm~! . These two contributions correspond to metal-oxygen stretching vibrations
associated with tetrahedral (A) and octahedral (B) coordination environments in spinel ferrites and are assigned as va
and vg, respectively. Within the mid-IR sensitivity of FTIR, no obvious additional absorption bands are observed upon Bi
addition; however, FTIR alone cannot exclude trace or nano-crystalline secondary phases at grain boundaries, and phase
purity cannot be claimed without diffraction analysis.

With increasing Bi content, both v4 and vg bands shift to higher wavenumbers (blue-shift), indicating a discernible
change in lattice vibrational dynamics. This indicates that the effective local bond stiffness associated with the octahedral
vibrational contribution increases with Bi addition, but this spectroscopic trend does not by itself prove crystallographic
bond contraction. In particular, the octahedral-site band vg moves from 38742 cm ™! for x = 0 to 392+2 ecm ™! for x = 0.03,
whereas the tetrahedral band v, remains approximately constant around 56842 c¢m~' (Table 1). This blue-shift suggests
an increase in the effective force constant of the vibrational mode contributing to vg. Because vibrational frequencies in
complex spinels reflect coupled lattice dynamics, the shift is interpreted as vibrational hardening rather than direct proof
of bond-length contraction.

These results reveal that even a small Bi addition measurably stiffens the lattice vibration modes, which could influence

the material’s elastic and magnetic properties. Similar FTIR features (two main peaks near 400 and 593 cm~ ') were
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Figure 1 Room temperature FTIR spectra for CoFe,04 and Cog ¢Zng 4Fe; _«BixO4 (with x = 0.00,0.005,0.010,0.03 mol) samples,
showing fitted v, and vg peak positions (+2cm~1) extracted from triplicate pellets.

reported by Batoo et al. [10] in Bi-doped Co-Zn ferrites, supporting our band assignments. This highlights FTIR as a
rapid tool to assess doping-induced bond changes in spinel ferrites. Future studies might include temperature-dependent

vibrational spectroscopy or complementary techniques (e.g., Raman) to further explore these bond-stiffening effects.

3.2 Cation Distribution and Vibrational Dynamics

The vibrational frequency behavior can be explained by the inverse relation between the vibrational frequency (v) and
the reduced mass (i) of the bond, as given by
1 k

_ 1 |k 1
V=5 M

where m; and m, are the atomic masses of the two bonded atoms, c is the speed of light, and k is the bond force constant.
In the present case, substitution of the much heavier Bi** ion (molar mass 208.98 g/mol) in place of Fe** (55.85 g/mol)

is expected to influence v4 and vy by increasing the reduced mass y. On its own, a larger u would tend to drive the

vibrational frequency lower; however, Bi** substitution simultaneously perturbs the lattice and can alter the effective

spring constant k of the bonds (Eq. 1). Bi*T is often expected to favor octahedral coordination in spinel-type environments



Table 1 FTIR parameters at room temperature for CoFe,O4 and Cog ¢Zng 4Fes _«BixO4 (with x = 0.00,0.005,0.010,0.03 mol) samples.

Samples x(mol) Ma Mg Va VB Vay Ka Kg Kav
(g/mol) g/mol) (ecm™') (em™')  (em™') (N/m) (N/m) (N/m)
CoFey0y 55.84 114.78 56942 38442 476+1.4 138.7+1.0 90.8+0.9 114.84+0.7

0.000  55.84 11737 56842 387+2 477+1.4 1358+1.0 93.340.9 114.640.7
Coo6ZnoaFer—xBixOs () o5 56.61  117.37 56942 38742 478+1.4 137.7+1.0 90.040.9 113.840.7
0.010 5738  117.37 56842 39142 479414 138.6+£1.0 914409 115.940.7

0.030 60.44 117.37 56842 39242 481+1.4 144.44+1.0 90.9+09 117.7+0.7

based on crystal-chemical arguments. Specific cation redistribution pathways (e.g., Co** migration between A/B sites)
cannot be uniq established from FTIR peak shifts alone. If cation redistribution occurs, it could influence local force
constants and coupled vibrational mode.

Such changes in cation positions and ionic sizes will modify the equilibrium metal-oxygen bond lengths in the lattice.
In principle, introducing a larger cation can increase average bond lengths and thus red-shift vibrational modes. However,
the experimentally observed blue-shift indicates that an increase in the effective restoring force (force constant) outweighs
reduced-mass and average-size effects for the vibrational contribution dominating vz (Fig. 1 and Table 1). This indicates
vibrational hardening (higher effective force constants) of the relevant coupled mode. In other words, the IR-derived
elastic metrics increase with x within uncertainty, and this trend correlates with an increase in the Debye parameters
reported here. According to the Debye model, a solid is treated as an elastic continuum, in which the Debye temperature
(6p) is defined by the maximum frequency of lattice vibrations and is directly related to the sound velocity within the
material.

Thus, the Debye temperature (6)) for all samples was calculated using the average frequency of the FTIR absorption

bands, as expressed by the following relation:[11]:

911) = —Vay (2)
B

where h (= 6.626 x 1073*Js) is Planck’s constant, kg (= 1.380 x 1072*J/K) is Boltzmann’s constant, ¢ (= 3 x 10 m/s)
is the speed of light, v,, represents the average frequency of the IR bands. These frequency bands are related to force
constant at A-sites and B- sites respectively. The identified frequency bands are associated with the stretching vibrations
of metal-oxygen bonds at the A-and B-sites, reflecting their respective force constants. As illustrated in Figure 2 and Table
4, the Debye temperature exhibits a slight but consistent increase with increasing Bi content. Future work could involve
direct probes (e.g., Mossbauer or X-ray absorption spectroscopy) to confirm the cation site occupancy, as well as inelastic

scattering experiments to map phonon changes with doping.



Table 2 Input parameters at room temperature for CoFe,04 and Cog ¢Zng 4Fes_«BixO4 samples (x = 0.00, 0.005, 0.010, and 0.030mol)
and the stiffness constants.

Samples x(mol) a PTh Papp P c Ci Ci2
(A) (g/cm?) (g/cm?) (x1072) (GPa) (GPa)
CoFey04 8.37+0.02 5.31+0.02 5.31+0.02  04+0.53  0.324+0.002 137.1£0.9 65.7+0.7

0.000 83740.02 5.3740.02 5.2740.02 1.8440.52 0.318+0.002 1359409 63.840.7
CooeZnoaFer—xBixOs (005  83940.02 5.39+0.02 5.26+0.02 2344052 0.31640.002 135.640.9 62.7+0.6
0.010  8.4040.02 5.4140.02 5.2640.02 2.6940.52 0.31540.002 136.940.9 62.9+0.6

0.030  8.39+0.02 5.474£0.02 5.26£0.02 3.91£0.51 0.311+0.002 140.1£0.9 63.2+0.6

3.3 Elastic Constants and Mechanical Stiffness

The force constant (K) for tetrahedral site (Ka) and octahedral site (Kg) in N/m units can be calculated using relationships[4]:

K = 7.62x107%(MaV3) 3

Kg = 5.31x10"%(Mpv3) 4

where M, and Mg are the molecular weight of A- and B -site respectively. v e vg are the corresponding center frequency

of tetrahedral site and octahedral site, respectively. The average bond stiffness was taken as the mean of these values:

_ Ka+Kp
av — 2

)

From Table 1 it is evident that the tetrahedral bond force constant K, increases with increasing Bi content, whereas
the octahedral bond force constant Kp slightly decreases as x increases. This contrasting behavior is attributed to cation
size and site-occupancy effects [4].

Elastic moduli provide valuable insights into a material’s mechanical strength, fracture toughness, and resistance to
thermal shock, critical properties for ensuring the successful integration of the material into functional devices. Elastic
stiffness constants and moduli are key to understanding the interatomic bonding strength and mechanical stability of fer-
rites. The most commonly used parameters are Young’s modulus (E), the shear (rigidity) modulus (G), and Poisson’s ratio
(o). Young’s modulus is particularly important in ferrites because it dictates the mechanical behavior of core components
(such as rods and rings) under stress. In practice, when a ferrite is subjected to external influences (e.g., mechanical
pressure, or temperature changes), internal stresses can develop, and the elastic moduli determine the material’s ability

to withstand deformation, fracture, or thermal shock during device operation.

In a cubic spinel (which exhibits nearly isotropic elastic behavior), there are only three independent elastic stiffness



Table 3 Elastic properties for CoFe,04 and Cog ¢Zng 4Fe; 4 BixO4 (with x = 0.00,0.005,0.010,0.03 mol) nanoparticles.

Samples x (mol) G B E Vi Vi Vi
(GPa) (GPa) (GPa) (m/s) (m/s) (m/s)
CoFey0y4 35.7£0.3 89.5+0.7 94.54+0.7 5081£16 2592+16 2905417

0.000 36.6+0.3 88.140.7 96.340.7 5096416 2634416 2948+17
Coo.6Zno aFer—xBixO4 0.005 36.540.3 86.940.7 95.9+0.7 5076+16 2632416 2950417
0.010 37.040.3 87.640.7 97.240.7 5102416 2652416 2968+17

0.030 38.5+0.3 88.8+£0.7 100.8+0.7 5161£16 2704£16 3025%17

coefficients [12]. We determined effective elastic moduli using IR-derived force constants together with input parameters
(lattice parameter a, theoretical density p;;,, and and apparent density p,,, for porosity p estimation) as listed in Table 2.

The principal elastic stiffness constants C;; and C;, were calculated using the following relations [13, 14]:

Kay
Cn= (6)
a

(7)

where o is Poisson ratio and « is the lattice constant. Poisson’s ratio, ¢ is a function of the pore fraction and is given by:

o = 0.324(1 — 1.043p) ®

where f represents the sample’s fraction porosity, defined as:

Papp
=1- 9
P (P) ®

Here, papp is the apprent density, and p is the theoretical density obtained from XRD data. The calculated Poisson’s
ratio ranges between 0.324 and 0.311. These values lie within the theoretical range of 0.5 to 0, confirming consistency
with the theory of isotropic elasticity.

The variation in stiffness constants (C;; and Cj,) as a function of Bi** content is displayed in Table 2. It can be seen
that both stiffness constants increase with increasing Bi** content. The values of these stiffness constants are influenced
by two factors: (i) the tightness of bonding between atoms and the force constant. In this system, the observed increase
is reported as an effective stiffness trend produced by IR-derived force constants. These two stiffness constants are then
used to calculate various elastic constants, such as Young’s modulus (E), bulk modulus (B), and modulus of rigidity (G)

as follows:
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Figure 2 Comparison of Debye parameters derived from optical wavenumbers (61) and elastic-wave analysis (65) for CoFe,04 and
Cog ¢Zng 4Fey_xBixOy4 (x = 0.00, 0.005, 0.010, and 0.030 mol).

1
B= §(C“ +2Cy7) (10)
_ (20-1)
G == mC]] (11)

(C11 —C12)(Ci1 +2C2)

E =
(Ci1+Ci2)

(12)

The resulting values of E, B, and G for all compositions are given in Table 3. All three moduli show an overall increas-
ing trend with higher Bi content (for example, E rises from 96.34+0.7 GPa at x = 0 to 100.8+£0.7 GPa at x = 0.03). This
improvement is reported as an effective stiffness trend derived from IR-based semi-empirical relations. As x increases, the
IR-derived force constants and effective elastic metrics increase within uncertainty, consistent with vibrational hardening.
Additionally, Bi-containing local environments may modify covalency and thus mode stiffness. Thus, the upward trend
of E, B, and G with increasing Bi content demonstrates an increase in effective IR-derived stiffness metrics. These stiffer
mechanical properties suggest that Bi doping can be used to tailor ferrite materials for applications requiring high rigid-
ity. Future experiments (e.g., nanoindentation or resonant ultrasound) could directly measure these elastic constants to

validate the IR-derived values.



3.4 Debye Temperature as a Lattice Rigidity Indicator

The Debye temperature is a useful gauge of bonding strength in a solid, as it represents the cutoff vibrational temperature
(or highest normal mode frequency) of the lattice. From the elastic constants and densities, we calculated the sound

velocities in the material. The longitudinal (V) and transverse (V) acoustic wave speeds were obtained via

1/2
v, = <C“ ) (13)
Papp
12
Vs = ( Co ) (14)
Papp

where G, is the modulus of rigidity corrected for zero pore fraction. These velocities were then used to determine the

mean wave velocity (V) [13].

1/1 2\1'3
V= [3 (vﬁvgﬂ (1)

The variation of V|, Vs, and V,, with Bi** content is illustrated in Fig. 3 and Table 2. The mean wave velocity was

further used to calculate the Debye temperature (65):

h (3qPappNa\ /2
E __ pp
0 = . (47: v > Vin (16)

where h is Planck’s constant, kg is Boltzmann’s constant, and q is the number of atoms in the unit formula. N, is the
Avogadro’s number, My is the molecular weight, and p,p, is apparent density. Figure 2 compares compares the Debye
parameters obtained from (i) optical/IR wavenumbers (9113) and (ii) acoustic-wave analysis (9]'53) for all samples.

Both the IR-derived Debye temperature 6} (calculated from the average FTIR vibrational frequency, Eq. 2) and the
elastic Debye temperature 65 (from V,,, Eq. 16) show a steady rise as the Bi content increases. This indicates that
incorporating Bi into the lattice raises the characteristic phonon energy scale of the ferrite, consistent with a stiffer lattice.
However, the two Debye parameters differ substantially in magnitude because they probe different parts of the phonon
spectrum and rely on different modeling assumptions.

In our samples, 6} is larger than 6F , which is expected because 6}, is anchored to high- frequency optical-mode
wavenumbers whereas 6% is determined by long-wavelength acoustic velocities and is also sensitive to porosity and
nanoscale effects. This discrepancy can be attributed to their different physical origins (optical vs acoustic phonons),
and in nanoparticles additional surface and grain-boundary scattering can decouple optical and acoustic responses rela-
tive to bulk assumptions. The parameter 6] is influenced predominantly by short-range, high-frequency optical vibrational
contributions localized to metal-oxygen bonding, whereas 65 reflects long-wavelength acoustic stiffness within a contin-
uum approximation whose absolute validity is limited for nanoscale powders. Because the optical and acoustic estimates

are not thermodynamically equivalent Debye temperatures in nanocrystalline systems, their absolute magnitudes should
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Table 4 Debye parameters

Samples x (mol) 6 oL
(K) (K)
CoFe;04 686+2 418+£2

0.000 68742 420+2
Coo.6Znos4Fer— BixO4 0.005 68842 42042
0.010 69042 42142

0.030 691+2 425+2

not be over-interpreted. The load-bearing result of this study is the consistent compositional trend of both parameters
increasing with x within uncertainty.

Crucially, the parallel increase of both 6}, and 65 with Bi content directly reflects the enhanced rigidity and bonding
strength of the doped lattice. Stronger interatomic bonds elevate the vibrational frequencies (shifting the phonon spectrum
upward) and also increase the acoustic wave speeds, both of which contribute to a higher Debye temperature.

In essence, the higher 6, indicates that Bi doping reinforces the lattice, raising its characteristic phonon cutoff. This
has implications for applications: higher Debye temperature often correlates with improved thermal stability, so Bi-doped
ferrites may perform better under high-temperature or high-frequency conditions. Future experiments (e.g. heat-capacity

or thermal transport measurements) could directly verify the increased Debye temperature and related thermal properties.

4 Conclusions

Our FTIR analysis and IR-derived elasticity metrics indicate that nominal Bi addition (x < 0.03) produces a reproducible
blue-shift of the octahedral vibrational contribution and an increasing trend in effective elastic parameters. Bi addition
shifts the octahedral vibrational contribution to higher wavenumber and increases IR- derived modulus trends. Accord-
ingly, the Debye parameters calculated from IR wavenumbers and from acoustic velocities increase with Bi content. The
increasing Debye-parameter trends suggest improved vibrational energy scales with Bi addition, which may be relevant
to thermal stability. These results elucidate the fundamental impact of heavy-ion substitution on ferrite lattice dynam-
ics. They underscore FTIR spectroscopy as a powerful, non-calorimetric tool for probing elastic and thermal properties.
Overall, our work highlights both the academic significance of linking dopant chemistry to lattice stability and the techno-
logical potential of Bi-doped Co-Zn ferrites in advanced magnetic and electronic devices requiring enhanced mechanical
and thermal robustness. Finally, we emphasize that FTIR cannot confirm Bi site occupancy, detect trace secondary phases,

or verify actual stoichiometry.
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