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Abstract 

Thermoelectric power measurements were conducted on 

polycrystalline Ti- and Zr-substituted Mn–Zn ferrites, and the 

corresponding Seebeck coefficient, carrier concentration, and drift 

mobility were analyzed. The Seebeck coefficient increased steadily with 

temperature, attaining peak values near 450 K for Ti-substituted 

samples and 440 K for Zr-substituted samples. All compositions 

exhibited n-type conduction across the entire temperature range 

investigated. At elevated temperatures, the ferrites demonstrated non-

degenerate semiconducting behavior, indicative of thermally activated 

charge transport. The conduction mechanism is predominantly 

governed by electron hopping between Fe²⁺ and Fe³⁺ ions, in agreement 

with the presence of narrow energy bands and localized electronic 

states. The temperature-dependent behavior of drift mobility can be 

explained using the wavy-band model, which accounts for variations in 

the density of states affecting carrier transport. 
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1. INTRODUCTION 

Ferrite materials have attracted considerable attention because 

of their useful electrical, magnetic, and semiconductor properties, 

which make them suitable for various electronic and energy-

related applications. Among these materials, manganese–zinc 

(Mn–Zn) ferrites exhibit promising characteristics owing to their 

composition-dependent electrical conductivity and charge-

transport behavior.  

The thermoelectric properties of ferrites provide valuable 

information about their electronic structure, carrier type, and 

dominant conduction mechanisms. In particular, the Seebeck 

coefficient is an important parameter for understanding the 

relationship between temperature and charge-carrier transport. 

The electrical properties of Mn–Zn ferrites are strongly 

influenced by the distribution of iron ions, oxygen stoichiometry, 

and substitution of appropriate metal ions.  

Substitution with titanium (Ti) and zirconium (Zr) can modify 

the local electronic environment and influence carrier 

concentration and mobility. However, the individual effects of Ti 

and Zr substitution on the temperature-dependent thermoelectric 

behavior of Mn–Zn ferrites require further systematic 

investigation. Understanding these effects is essential for 

establishing the relationship between composition, electronic 

states, and charge-transport mechanisms.  

The present study investigates the thermoelectric power of 

polycrystalline Ti- and Zr-substituted Mn–Zn ferrites over the 

investigated temperature range. Particular emphasis is placed on 

evaluating the Seebeck coefficient, carrier concentration, and drift 

mobility as functions of temperature. The observed temperature-

dependent Seebeck coefficient is analyzed to identify changes in 

the dominant charge-transport behavior. The consistently 

negative Seebeck coefficient is used to establish the n-type nature 

of conduction in the investigated compositions. Furthermore, the 

transition toward non-degenerate semiconducting behavior at 

elevated temperatures is examined in relation to thermally 

activated carrier transport. The dominant electron-hopping 

mechanism between Fe²⁺ and Fe³⁺ ions is considered to explain 

the electrical conduction characteristics. The wavy-band model is 

also employed to interpret the temperature dependence of drift 

mobility in terms of variations in the density of electronic states. 

Mn–Zn ferrites are widely utilized in high-frequency applications, 

yet detailed investigations on their charge-transport mechanisms 

remain limited despite several earlier studies. Among the 

available techniques, Hall effect and thermoelectric power (TEP) 

measurements serve as powerful tools for probing conduction 

processes. A review of the literature indicates that TEP studies on 

Mn–Zn ferrites are relatively scarce, although a few reports exist 

[1–5].  

Previous work on lithium ferrites doped with non-magnetic 

ions such as Zn²⁺ or Cd²⁺ showed that the Seebeck coefficient (Q) 

exhibited a minimum at specific dopant levels, followed by an 

increase at higher concentrations. In contrast, Co substitution in 

lithium ferrites was found to enhance Q with increasing dopant 

levels. Similarly, Zn substitution in Mn–Zn ferrites resulted in a 

monotonic decrease in Q [6], whereas Zr⁴⁺ doping in copper 

ferrites caused Q to rise with concentration [7]. Studies on Sn⁴⁺ 

substitution in copper ferrite reported an initial increase in Q, 

followed by a decline at higher Sn levels [8], while in Sn⁴⁺-doped 

Mn–Zn ferrites, Q increased between 0.15 and 0.30 concentration 

up to 440 K but decreased at higher temperatures [9]. Nb⁵⁺ 

substitution in Mn–Zn ferrites showed that Q increased up to 420 

K and remained nearly constant thereafter [10]. Motivated by 

these varied trends, the present work aims to investigate the 

influence of high-valence cations (Ti⁴⁺/Zr⁴⁺) on the thermoelectric 

power of Mn–Zn ferrites. 

The novelty of this study lies in the combined analysis of 

thermoelectric power, carrier concentration, and drift mobility in 

Ti- and Zr-substituted Mn–Zn ferrites within a unified 

temperature-dependent framework. Unlike an investigation 

limited to electrical conductivity or Seebeck coefficient alone, this 

approach connects thermoelectric response with carrier transport 

and the underlying electronic structure. The comparative analysis 

of the characteristic Seebeck coefficient maxima near 450 K for 

Ti-substituted ferrites and 440 K for Zr-substituted ferrites 

provides additional insight into the composition-dependent 

thermal response.  

The main contribution is to clarify the relationship between 

transition-metal substitution, Fe²⁺–Fe³⁺ electron hopping, and 

mobility variations described by the wavy-band model, thereby 

providing a basis for understanding and tailoring the 

thermoelectric and electronic properties of Mn–Zn ferrites. 
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2. PROPOSED METHODOLOGY 

2.1 MATERIAL SELECTION AND COMPOSITION 

DESIGN 

The proposed methodology begins with the preparation of 

polycrystalline titanium (Ti)- and zirconium (Zr)-substituted 

manganese–zinc (Mn–Zn) ferrite samples to investigate their 

thermoelectric and electrical transport properties. The base 

composition of Mn–Zn ferrite will be selected as the reference 

material for evaluating the effects of Ti and Zr substitution. 

Appropriate substitution concentrations will be designed to 

examine composition-dependent variations in the electronic 

structure and charge-carrier transport. High-purity starting 

materials, including manganese oxide, zinc oxide, iron oxide, 

titanium oxide, and zirconium oxide, will be selected according 

to the intended chemical composition and synthesis route. The 

stoichiometric quantities of the precursor materials will be 

calculated to achieve the desired substitution levels. Separate 

composition series will be prepared for Ti- and Zr-substituted 

ferrites to enable systematic comparison. An unsubstituted Mn–

Zn ferrite sample will also be prepared as a reference wherever 

feasible. The selected compositions will be designed to maintain 

charge neutrality and minimize unwanted secondary-phase 

formation. The influence of substitution on iron-ion distribution 

will be considered during the composition-design stage. 

Appropriate controls will be introduced to ensure consistency 

across the sample series. The chemical composition and sample 

preparation parameters will be documented systematically. This 

stage will establish the experimental framework for evaluating the 

influence of Ti and Zr substitution on thermoelectric properties. 

The resulting samples will subsequently undergo structural, 

microstructural, and electrical characterization. 

2.2 SYNTHESIS AND SAMPLE PREPARATION 

The designed ferrite compositions will be synthesized using a 

suitable ceramic processing technique, such as the conventional 

solid-state reaction method. The required precursor powders will 

be weighed accurately according to their stoichiometric 

proportions. The powders will then be mixed and ground 

thoroughly using an appropriate milling procedure to improve 

compositional homogeneity. A suitable solvent may be used 

during wet mixing to facilitate uniform dispersion and reduce 

powder agglomeration. The homogenized powder mixture will be 

dried and subjected to preliminary calcination under controlled 

temperature conditions. The calcined materials will be reground 

to improve reaction uniformity and promote the formation of the 

desired ferrite phase. The resulting powders will be pressed into 

pellets or other suitable specimen geometries using a controlled 

compaction procedure. The green specimens will be sintered at an 

optimized temperature and duration under a controlled 

atmosphere. Heating and cooling rates will be maintained 

consistently to reduce processing-related variations. The sintered 

samples will be allowed to cool under controlled conditions 

before further processing. Their surfaces will be polished to 

obtain suitable contact and measurement conditions. Sample 

dimensions, density, and physical appearance will be recorded 

before electrical characterization. Multiple specimens will be 

prepared for each composition to improve measurement 

reliability. The final specimens will be labelled according to their 

substitution type and concentration for subsequent comparative 

analysis. 

2.3 STRUCTURAL AND MICROSTRUCTURAL 

CHARACTERIZATION 

The structural properties of the synthesized ferrites will be 

investigated to determine the effects of Ti and Zr substitution on 

phase formation and crystallographic characteristics. X-ray 

diffraction (XRD) analysis will be performed to identify the 

crystalline phases present in the prepared specimens. The 

diffraction patterns will be compared with appropriate reference 

data to verify the formation of the intended ferrite structure. Any 

additional diffraction peaks will be examined to identify possible 

secondary phases resulting from substitution or processing 

conditions. The lattice parameters will be estimated from the 

diffraction data to evaluate composition-dependent structural 

variations. Crystallite size and other relevant structural 

parameters may be calculated using suitable analytical methods, 

with their limitations clearly acknowledged. Scanning electron 

microscopy (SEM) will be employed to examine grain 

morphology, grain boundaries, and surface microstructure. 

Energy-dispersive X-ray spectroscopy (EDS) may be used to 

verify the elemental distribution and assess compositional 

uniformity. The grain size distribution and porosity will be 

examined because these features can influence carrier mobility 

and electrical conduction. Where available, X-ray photoelectron 

spectroscopy or an equivalent suitable technique will be 

employed to investigate the oxidation states of iron and other 

relevant elements. Particular attention will be given to the relative 

presence of Fe²⁺ and Fe³⁺ ions because their interaction is 

associated with electron-hopping conduction in ferrites. The 

structural and microstructural results will be correlated with the 

measured thermoelectric parameters. This analysis will help 

distinguish substitution-related electronic effects from changes 

caused by grain structure and phase composition. The 

characterization results will provide a foundation for interpreting 

the temperature-dependent transport behavior. 

2.4 TEMPERATURE-DEPENDENT THERMO-

ELECTRIC POWER MEASUREMENT 

Thermoelectric power measurements will be conducted to 

determine the Seebeck coefficient of each ferrite composition 

over a controlled temperature range. The specimens will be placed 

in a suitable thermoelectric measurement system equipped with 

calibrated temperature sensors and electrical contacts. A 

controlled temperature difference will be established across the 

sample to generate a measurable thermoelectric voltage. The 

temperature gradient will be maintained within an appropriate 

range to ensure reliable and reproducible measurements. The 

generated voltage and corresponding temperature difference will 

be recorded after the system reaches thermal stability. The 

Seebeck coefficient will be calculated from the ratio of the 

thermoelectric voltage to the applied temperature difference, 

using a consistent sign convention. Measurements will be 

repeated at several temperatures to determine the variation of the 

Seebeck coefficient with increasing temperature. Particular 

attention will be given to the characteristic maxima observed near 

450 K for Ti-substituted samples and 440 K for Zr-substituted 

samples, as reported in the preliminary findings. Additional 
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measurements around these temperatures will be performed to 

identify the peak positions more accurately. The sign of the 

Seebeck coefficient will be used to determine the dominant carrier 

type. The consistently negative values will be examined to verify 

the n-type conduction behavior of the investigated compositions. 

Repeated measurements will be conducted to assess experimental 

uncertainty and reproducibility. The resulting data will be plotted 

against temperature and substitution concentration. Comparative 

analysis will then be performed to identify the influence of Ti and 

Zr incorporation on the thermoelectric response. These results 

will provide essential information about the temperature-

dependent electronic transport characteristics of Mn–Zn ferrites. 

2.5 CARRIER CONCENTRATION AND DRIFT 

MOBILITY ANALYSIS 

The carrier concentration and drift mobility of the synthesized 

ferrites will be evaluated using experimentally measured 

electrical and thermoelectric parameters. The temperature-

dependent Seebeck coefficient will first be analyzed using an 

appropriate semiconductor transport model. Where the 

assumptions of a single-carrier, non-degenerate semiconductor 

model are satisfied, the Seebeck coefficient may be related to 

carrier concentration through a suitable theoretical expression. 

The validity of this approximation will be examined before 

estimating carrier concentration values. Electrical conductivity 

measurements will be conducted over the same temperature range 

using a suitable four-probe or other validated measurement 

technique. The measured conductivity will be combined with the 

estimated carrier concentration to calculate drift mobility when 

the adopted carrier-transport model permits this relationship. For 

a single dominant carrier type, mobility may be estimated from 

the conductivity, carrier concentration, and elementary charge. 

The limitations associated with localized hopping transport will 

be considered when interpreting mobility derived from a 

conventional band-transport expression. Temperature-dependent 

variations in carrier concentration will be investigated to identify 

thermally activated charge transport. The estimated drift mobility 

will be examined to determine whether it increases or decreases 

with temperature and how this behavior changes with substitution. 

Differences between Ti- and Zr-substituted samples will be 

assessed in relation to their structural and electronic 

characteristics. The resulting trends will be compared with the 

observed Seebeck coefficient and conductivity data. Appropriate 

uncertainty estimates will be included to avoid overstating the 

precision of model-derived parameters. This combined analysis 

will establish a consistent framework for interpreting the 

electrical transport behavior of the prepared ferrites. 

2.6 CHARGE-TRANSPORT MECHANISM AND 

WAVY-BAND MODEL 

The dominant charge-transport mechanism will be 

investigated by combining the temperature-dependent Seebeck 

coefficient, electrical conductivity, carrier concentration, and drift 

mobility results. Particular emphasis will be placed on electron 

hopping between Fe²⁺ and Fe³⁺ ions, which is commonly 

associated with electrical conduction in spinel ferrites. The 

possible influence of Ti and Zr substitution on local charge 

compensation, iron-ion distribution, and electronic localization 

will be evaluated using the available structural and spectroscopic 

evidence. Temperature-dependent conductivity data will be 

examined using suitable thermally activated transport models to 

determine whether the observed behavior is consistent with 

hopping conduction. Activation energies may be estimated from 

appropriate linear regions of conductivity-related Arrhenius plots, 

provided the selected model is justified. The Seebeck coefficient 

will also be analyzed to investigate the transition toward non-

degenerate semiconducting behavior at elevated temperatures. 

The wavy-band model will be considered to explain mobility 

variations associated with spatial fluctuations in the electronic 

density of states and localized electronic states. Model predictions 

will be compared with the experimentally estimated drift mobility 

across the investigated temperature range. The suitability of the 

model will be assessed by examining the consistency between 

predicted and observed trends. Alternative explanations, 

including grain-boundary effects, compositional inhomogeneity, 

and changes in hopping probability, will also be considered where 

supported by the data. The analysis will avoid assuming that a 

single transport mechanism necessarily dominates at every 

temperature. Differences between the Ti- and Zr-substituted 

compositions will be used to identify possible substitution-

dependent transport effects. This stage will connect the 

macroscopic thermoelectric response with the underlying 

electronic processes. The final interpretation will be based on 

agreement among the experimental measurements, structural 

evidence, and theoretical models. 

3. EXPERIMENTAL DETAILS  

Polycrystalline Mn–Zn ferrites with compositions 

Mn₀.₅₈₊ₓ/₂Zn₀.₃₇₊ₓ/₂MₓFe₂.₀₅₋₂ₓO₄ (M = Ti⁴⁺/Zr⁴⁺; x = 0.05–0.25 in 

steps of 0.05) were synthesized by the conventional ceramic route. 

Stoichiometric mixtures of high-purity oxides were ball-milled, 

followed by calcination at 1000 °C for 3 h to ensure solid-state 

reaction. The calcined powders were further milled, pressed into 

pellets, and sintered at 1200 °C for 2 h in air. X-ray diffraction 

confirmed the formation of a single-phase cubic spinel structure, 

with the measured lattice parameter (8.5000 Å) closely matching 

reported values [11,12]. SEM micrographs showed uniform 

microstructures, indicating successful incorporation of dopants; 

however, more sensitive techniques such as EDX (Energy 

Dispersive X-rays spectroscopy) are required to reliably detect 

dopant distribution at low concentrations [13]. Thermoelectric 

power measurements were carried out using the hot-probe 

technique [14] over the temperature range from room temperature 

to approximately 650 K. In this arrangement, a heated point-

contact probe acted as the hot junction, while the sample was 

placed on a metal base serving as the cold junction, allowing 

precise determination of the Seebeck coefficient. 

4. RESULTS AND DISCUSSION 

The thermoelectric power (Q) was determined from the 

thermo-emf generated due to the temperature difference between 

the hot and cold surfaces of the specimen. It is expressed as  

 Q=dV/dT 

where, dV represents the induced thermo-emf across the sample 

corresponding to a temperature difference dT between the two 

surfaces of the ferrite pellet.  
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The Fig.1 and Fig.2 show the variation of the Seebeck 

coefficient with temperature for Ti⁴⁺- and Zr⁴⁺-substituted Mn–Zn 

ferrites, respectively. All samples display n-type semiconducting 

behavior over the entire temperature range studied. In both 

systems, Q increases gradually with temperature, reaching 

maximum values near 450 K for Ti⁴⁺ substitution and 440 K for 

Zr⁴⁺ substitution. At lower dopant concentrations, a slight 

decrease in Q is observed between 450–520 K. Beyond 

approximately 520 K, the Seebeck coefficient remains nearly 

constant for all Ti⁴⁺- and Zr⁴⁺-doped samples. 

 

Fig.1. Negative thermoelectric power (Q) versus temperature for 

Ti-substituted Mn–Zn ferrite 

The n-type conduction indicates that electrons are the 

dominant charge carriers in all compositions. The increase in the 

Seebeck coefficient with temperature is consistent with trends 

reported for other ferrite systems [7–10], and can be attributed to 

the rise in electron concentration and enhanced carrier mobility as 

thermal energy increases. The temperature dependence of Q 

follows the relation [15] Q = A + (B/T), where A and B are 

constants The behavior observed below approximately 450 K for 

Ti⁴⁺-substituted samples and 440 K for Zr⁴⁺-substituted samples 

may be associated with extrinsic conduction processes 

dominating at lower temperatures before intrinsic mechanisms 

become significant. 

Electrical conduction in ferrites is typically explained by 

either a hopping mechanism or a band-type process [7]. The 

observed decrease in the Seebeck coefficient above a certain 

temperature can be attributed to intrinsic conduction [16], where 

the contribution of electrons diminishes due to reduced hopping 

probability, and the thermopower becomes increasingly governed 

by the mobility of hole states located well below the Fermi level. 

At higher temperatures, the plateau observed in the Q–T curves 

indicates that the thermoelectric power becomes nearly 

temperature independent. Similar behavior has been reported for 

Mn–Zn ferrites [17], which are classified as degenerate 

semiconductors whose thermo-emf shows minimal temperature 

dependence. Accordingly, the present samples exhibit degenerate 

semiconducting behavior in the intrinsic temperature region, 

while at lower temperatures (extrinsic region) they behave as non-

degenerate semiconductors. 

Carrier concentration (n) was estimated using previously 

reported theoretical relations [16]. For all samples, n was found to 

be on the order of 10²⁰ cm⁻³, consistent with ferrites characterized 

by low mobility and narrow or localized electronic bands. 

 

Fig.2. Negative thermoelectric power (Q) versus temperature for 

Zr-substituted Mn–Zn ferrite 

Comparable values have been reported for other mixed ferrite 

systems [3–5] and specifically for Mn–Zn ferrites [9, 10]. The 

carrier concentration (n) exhibits a linear increase with 

temperature in both Ti⁴⁺- and Zr⁴⁺-substituted samples, consistent 

with previous reports on Li–Zn and Li–Cd ferrites [3, 4]. 

Calculation of Drift mobility from resistivity and 

thermoelectric power data. Mobility decreases progressively with 

increasing dopant concentration (x) for both Ti⁴⁺ and Zr⁴⁺ 

substitutions, leading to higher room-temperature resistivity. In 

these compositions, substitution of x/2 Mn²⁺, x/2 Zn²⁺, and M⁴⁺ 

ions (M = Ti⁴⁺/Zr⁴⁺) by 2x Fe²⁺/Fe³⁺ ions reduces the fraction of 

Fe³⁺/Fe²⁺ pairs available for electron hopping, thereby increasing 

resistivity. Localization of Fe²⁺ ions further contributes to this 

effect, as tetravalent ions form stable bonds with Fe²⁺ species 

during sintering [18]. Additionally, Ti⁴⁺ ions can function as 

scattering centers at the B-sites [17], hindering electron transfer 

between Fe²⁺ and Fe³⁺ ions and further reducing mobility. 

Calculation of Drift mobility at various temperatures was 

conducted using conductivity data from the same samples [11] 

along with the evaluated carrier concentrations [18]. The mobility 

increases exponentially with temperature, consistent with earlier 

observations in Sn⁴⁺- and Zr⁴⁺-substituted Cu ferrites [7,8] and 

Sn⁴⁺-/Nb⁵⁺-doped Mn–Zn ferrites [9,10]. This increase is 

primarily attributed to the reduction in resistivity at elevated 

temperatures. As thermal energy increases, electron motion 

becomes more significant than that of holes, leading to a 

pronounced rise in electron mobility. 

Lattice vibrations further facilitate conduction by bringing 

ions into closer proximity, enhancing the probability of electron 

transfer and thereby increasing mobility. Consequently, the 

temperature dependence of mobility reflects an activation energy 

associated with this thermally assisted process. In the present 

study, the activation energies derived from mobility are lower 

than those obtained from resistivity measurements [11]. The close 

agreement between activation energies derived from 

thermoelectric power and resistivity in the extrinsic region 

indicates that polaron hopping is the primary conduction 

mechanism.  
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The relevance of mobility analysis in understanding ferrite 

conduction has been emphasized in earlier work [16,19]. Within 

the framework of the wavy-band model, potential fluctuations 

caused by non-uniform dopant distribution and structural 

imperfections create localized energy wells. Carrier motion 

through these fluctuating potentials requires activation, giving 

rise to mobility-related activation energies. As these potential 

fluctuations become smoother, the corresponding activation 

energies decrease, reflecting improved carrier mobility. 

5. CONCLUSIONS 

The structural analysis of Ti⁴⁺/Zr⁴⁺-substituted Mn–Zn ferrites 

confirms the formation of a single-phase cubic spinel structure 

with no detectable secondary phases, ensuring that the 

thermoelectric characteristics arise solely from the intended 

substitutions. The temperature-dependent thermoelectric power 

further supports the absence of any additional phase transitions or 

anomalies across the studied range. Electrical transport analysis 

indicates electrons as the majority carriers up to 450 K, with the 

Seebeck coefficient varying significantly at low dopant levels and 

stabilizing at higher temperatures. At elevated temperatures, the 

samples exhibit non-degenerate semiconducting behavior, 

consistent with thermally activated conduction. The observed 

temperature dependence of the Seebeck coefficient, carrier 

concentration, and the associated exponent suggests the presence 

of narrow energy bands or localized electronic states. 

Additionally, the role of drift mobility in determining charge 

transport can be interpreted within the framework of the wavy-

band model, reflecting fluctuations in the density of states 

inherent to these substituted ferrites. 

Future research can investigate different concentrations of Ti 

and Zr substitutions to determine their influence on the 

thermoelectric properties of Mn–Zn ferrites. The effects of 

synthesis methods, sintering temperature, and grain size on 

electrical conductivity and Seebeck coefficient can be 

systematically evaluated. Advanced structural characterization 

techniques can be employed to examine phase formation, lattice 

distortions, and cation distribution. Temperature-dependent 

electrical conductivity measurements can be integrated with 

thermoelectric power analysis to validate the proposed charge-

transport mechanisms. The relationship between Fe²⁺/Fe³⁺ ratios 

and electron-hopping conduction can be explored using 

spectroscopic characterization techniques. Further investigations 

can examine the applicability of the wavy-band model across 

different compositions and wider temperature ranges. 

Computational modelling and density functional theory can be 

used to understand the electronic band structure and density of 

states. The thermal conductivity and power factor can be 

measured to evaluate the overall thermoelectric performance of 

the synthesized ferrites. Long-term thermal stability and 

reproducibility studies can establish their suitability for practical 

electronic and energy-related applications. Finally, composition 

optimization and experimental validation can help identify ferrite 

materials with improved thermoelectric efficiency and 

temperature-dependent charge-transport characteristics. 
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