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Introduction 

Synthesis and characterization of nanoparticles of wide-

ranging materials are subject of curiosity since long from 

the aspects of basic understanding and put it into the 

applications. Nanoparticles demonstrate unusual, novel 

and improved physical properties when compared with 

bulk counterparts and that is the main motivation of 

nanoparticle research. The electrical conduction is chiefly 

governed by the preparative parameters. The soft chemical 

routes (bottom-up approaches) and high energy ball 

milling (top-down approach) are the principal routes of 

nanoparticles preparation. The production of the large 

quantity of nanocrystalline materials is referred to as the 

main advantage and the problem of contamination at least 

for some materials is often quoted as the main 

disadvantage to dismiss mechanical – attrition ball milling 

technique. In the beginning, the performance of the 

milling process was evaluated based on alteration in grain 

morphology. Nowadays it is a clear and well-established 

fact that in order to characterize nanopowders fully, 

mechanical milling induced stress and strain, as well as 

corresponding changes in structural parameters, must be 

taken into consideration [1-2]. 

 The spinel ferrites being a ferrimagnetic material and 

poor conductors of electricity exhibit typical 

semiconducting characteristics in resistivity against 

temperature plots without or with a change in slope in the 

vicinity to magnetic ordering transition temperature [3-6]. 

We refer to some research reports, interestingly, few 

coarse-grained and nanostructured spinel ferrites are 

shown to exhibit unusual metal to semiconductor or 

semiconductor to metal like electrical transition dependent 

on temperature [7-24]. According to an excellent review 

article by Imada et. al., [25], metal-to-insulator transitions 

are attended by extremely large resistivity alterations by 

the orders of tens or so and extensively noticed in 

condensed-matter systems. This phenomenon of interest 

has been elucidated referring to various mechanisms and 

structural, microstructural parameters like change in grain 

size, band structure deformation, cation distribution, 

cationic interactions, canting angle, stress, strain, etc. It is 

worth mentioning that in literature pressure-induced 

[26,27], film thickness dependent [28,29], hydrogen 

doping induced [30], strain-stress induced [31-33], particle 

size induced [34], scalable light-induced [35], laser-

induced [36] and orbital-order induced [37] metal to 

semiconductor transition has also been reported for other 

class of materials including spinel structured ferrites. 

 In this connection, a little while ago we have 

investigated structural properties modifications [1], X-ray 

Debye temperature [38] and optical, elastic and 

thermodynamical properties [39] of as-prepared (un-

milled) and mechanically milled nanostructured spinel 

ferrite composition,  Ni0.5Zn0.5Fe2O4. The important 

findings are summarized below to facilitate the discussion 

on the electrical property. All the samples have expected 

stoichiometry and possess a mono-phasic fcc spinel 

structure. The crystallite size (D) decreases and atomic 

level strain (<2> ½) increases on milling duration. The 

unit cell parameter (a(Å) ) increase up to 6 h of milling 

and then shows a sudden decrease for 9 h milled sample 

(Table 1). Further, it is found that for all the samples 

about 60 % of Zn2+ ions reside at the octahedral (B-) sites 

though Zn2+ ions are known to possess the tetrahedral (A-) 

interstitial sites in fcc structure. The high energy milling 
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leads to two interesting phenomena of “temperature 

diffuse scattering” and “preferred orientation of grains” 

[1]. The captivating out-come prompted us to conduct an 

electrical property study on Ni0.5Zn0.5Fe2O4 and establish 

the structure-property relationship in these ferrites. The 

observed signatures of resistivity against temperature plots 

including a transition from an anomalously large positive 

temperature coefficient to a negative temperature co-

efficient of electric conduction have been discussed based 

on various aspects. The prodigious relative resistivity 

value (~250) for 9 h milled sample of Ni0.5Zn0.5Fe2O4, the 

highest ever reported for any materials in general and 

spinel structured ferrites in particular, is subject of great 

attention. It is quite relevant to mention that the electrical 

conductivity of nanocrystalline (grain size 14-63 nm) 

Ni0.5Zn0.5Fe2O4 spinel samples prepared by high energy 

mechanical milling process (similar to that employed in 

the present study) exhibit conventional semiconducting 

behavior with the change in slope at the temperature 

corresponds to Neel temperature of the samples [3].  

Experimental details 

The experimental particulars in relation to the synthesis of 

polycrystalline spinel ferrite composition, Ni0.5Zn0.5Fe2O4, 

using standard two-steps sintering method (un-milled 

sample), preparation of nanostructured, 3 h , 6 h and 9 h 

milled samples by the ball-milling process, chemical 

stoichiometry verification by energy-dispersive analysis of 

X-ray spectroscopy, particle morphology investigation by 

means of transmission electron microscopy and phase 

formation study as well as structural parameters 

ascertainment by a detailed examination of X-ray 

diffraction line profiles are given in  [1,38-39].The 

Ni0.5Zn0.5Fe2O 4 spinel ferrite composition synthesized by 

usual double sintering ceramic technique  [1] (un-milled 

sample)  was milled for 3 h, 6 h and 9 h duration using 

Fritsch, Germany, made high energy planetary ball mill 

(pulverisette 6) with tungsten-carbide (W-C) vial and 

balls. The balls to powder weight ratio of 8:1 were 

maintained and milling intensity was kept 600 revolutions 

per minute. Water was added to the container to improve 

particle mobility during the milling process. 

 The cylindrically pelletized ferrite samples having an 

identical diameter of 1 cm and thickness varying from  

0.2-0.3 cm were used for temperature-dependent direct 

current resistivity measurements. Both the surfaces of disc 

samples were burnished with fine sand paper, clean with 

mild hydrochloric acid and propanone. Eventually, 

graphite was applied on flat faces of the pellet on which 

thin aluminum foil was also retained for the non-rectifying 

electrical junction. The bi- terminal pressure contact 

technique was employed to measure the variation of 

resistance with temperature by keeping the sample holder 

in a horizontal electric furnace. The resistance was 

measured using a BPL meg-ohm meter and temperature 

by chromel- alumel thermal element. The electrical 

resistance was noted during the course of the cooling cycle 

at regular intervals of 20 C. 

Results and discussion 

The Rietveld fitted X-ray powder diffraction patterns 

executed by General Scattering Analysis Software for un-

milled, 3 h, 6 h and 9 h milled samples of Ni0.5Zn0.5Fe2O4 

spinel structured ferrite composition are shown in Fig. 1. 

A painstaking structural analysis demonstrates that the 

samples are single phase compounds, crystallizing in the 

face-centered cubic (fcc) spinel structure of space group 

Oh
7  Fd3m [1]. The structural parameters, lattice constant, 

a (Å), X-ray density (ρx) [39], bulk density (ρ) [1] and 

porosity (P (%)), values for all the samples have been 

included in Table 1 to facilitate the further discussion. 

 
Fig. 1. Rietveld fitted X-ray powder diffraction patterns for un-milled 

(a), 3 h (b), 6 h (c) and 9 h (d) milled samples of Ni0.5Zn0.5Fe2O4 ferrite 
composition recorded at 300 K. 



 

 

 

Fig. 2. Transmission electron micrographs (a) un-milled sample (b) 

ultrasonicated particles for  9 h milled sample. 

 

 Typical transmission electron micrographs (TEM) for 

an un-milled and 9 h milled samples of  Ni0.5Zn0.5Fe2O4 

ferrite are displayed in Fig. 2(a) and Fig. 2(b). Owing to 

the ferrimagnetic nature of the samples an assemblage of 

particles is observed (Fig. 2(a)) thus the reliable particle 

size determination may not be possible. TEM of 

ultrasonicated 9 h milled sample has confirmed an average 

particle size of 30 nm (Fig. 2(b)) while for an un-milled 

sample (not shown) it was found to be ~ 900 nm. The 

particle sizes estimated are consistent with the crystallite 

sizes (D) estimated based on FWHM of the X-ray 

diffraction line profiles [1] (Table 1) . 
 

Table 1. Structural, microstructural and electrical parameters for 
nanostructured Ni0.5Zn0.5Fe2O4  spinel  ferrite composition. 

 

Fig. 3. Variation of normalized resistivity as a function of reciprocal 

of temperature for  un-milled, 3h, 6h and 9h milled samples of 

Ni0.5Zn0.5Fe2O4 spinel ferrite composition. 

 

 Fig. 3 displays the normalized resistivity, T/RT, 

against reciprocal of temperature (1000/T) plots for un-

milled and milled samples of Ni0.5Zn0.5Fe2O4. All the 

ferrites demonstrate a sharp cusp (Tmax) correspond to 

metallic (T<Tmax) to semiconductor (T>Tmax) type 

electrical transition. According to classic work of 

Goodenough [40] when strong cation-cation interactions 

(direct exchange interactions) dominate in the system 

electrical conductivity is metallic in nature as a function of 

temperature and may become semiconductor at a much 

lower temperature. Conversely, if cation-anion-cation 

interactions (superexchange interactions) or weak direct 

magnetic interactions dominate, the system may show 

semiconducting or insulating type electrical conductivity 

characteristics with increasing temperature. If the metallic 

cations residing on the B-sites have outer electron 

configuration 3dm where 4 ≤ m ≤ 8 (eg levels degenerate), 

the superexchange magnetic interactions need to be 

predominant, and nevertheless for m≤3, the direct 

interactions would be strengthened as compared to the 

superexchange interactions. In the present composition, 

both the magnetic cations, Ni2+(2 B) and Fe3+(5 B), 

taking part in the conduction process have electronic 

configuration, 3d8 and 3d5, respectively, lie in the range,  

4≤ m≤ 8. Thus, among the superexchange interactions and 

feeble direct interactions, former interactions will be 

ascendant in the investigated samples. Also, the existence 

of metallic cations in different oxidation states gives rise 

to the metallic character. This concept explains metallic to 

semiconductor transition in many ferrite materials.Thus, 

based on the above discussion for T<Tmax, metallic type 

conduction, the direct magnetic interactions among 

Fe3+- Fe3+ / Fe2+ and Ni2+ - Ni2+ / Ni3+ are stronger over 

Fe3+ - O2- - Fe3+/ Fe2+ and Ni2+- O2- - Ni2+ / Ni3+ 

interactions. For T>Tmax semiconducting like conduction is 

caused by the dominance of Fe3+(ferric) - O2- - Fe3+/Fe2+ 

(ferrous) and Ni2+- O2- - Ni2+ / Ni3+ interactions. Based on 
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the crystal field and ligand field theories [13], it is 

established that the splitting of 3d level of Ni2+, is  

10 Dq, while for ferric ion (Fe3+) it is zero. This implies 

Ni2+- O2- - Ni2+ interactions are the most prominent at the 

B-sites of the compounds. 

 In ferrite materials, the mechanism responsible for 

electrical transport can be explained considering the 

potential on grain boundary () and eg electron energy 

(EK). Usually, the transport mechanism emerges through 

the hopping of localized d- electrons amongst valance 

distributions of metallic cations on the octahedral 

complexes. The cation 3d level splits into less stable 

doubly degenerate eg electrons and more stable triply 

degenerate t2g electrons owing to the electrostatic 

interaction among anion and cation electrons. If EK> e, 

the electrons will be delocalized and  proactively involved 

in the conduction mechanism but when EK ethe eg 

electrons will be localized. In the temperature range, 

T<Tmax, EK> e; where delocalization of charge carriers 

and orientations of spin induce conducting channels in the 

form of [Fe3+ - Fe2+] and [Ni2+ - Ni3+] links. These 

channels engender the delocalized of the electrons  

which improve the mobility of charge carriers and thus 

metallic behavior is noticed [7]. For T>Tmax, these 

delocalized electrons (eg electrons) begin to be localized  

in the existence of magnetic disorder (i.e. disorientation of 

the surface and core spins) and non-magnetic disorder  

(i.e. electronic trap center) satisfying the condition of 

EKe. Thus, the jumping possibility of the eg electrons 

enhances thereby reducing the resistance of the samples 

that result in semiconducting behavior.  According to 

Anderson [41], if the right triangle is formed between 

cation-anion-cation, these interactions are weak and  

direct interactions become predominant. Nevertheless, 

when that angle becomes a straight angle or obtuse angle 

of 120, then superexchange magnetic interactions are 

incomparable. 

 The metal-like conduction observed in the 

temperature range of 300-465  15 K in Ni0.5Zn0.5 Fe2O4 

nanoparticulates can also be explain based on the 

deformation of band structureat the edges of valance band 

and conduction band. In the semiconducting region 

(T>Tmax), resistivity is a function of density and mobility 

of charge carriers and that decreases on lowering of 

temperature. For TTmax (metal-like state) charge carrier 

density keeps decreasing but charge carrier mobility 

increases. In low-temperature semiconducting regions 

(T<<Tmax) as pointout by Goodenough [40] both mobility 

and number of charge carriers are trapped in localized 

states [l]. 

 Another one riveting fact is that for the majority of 

spinel ferrites metal-like conductivity is observed in the 

temperature range of 300-400 K and corresponding 

excitation energy needed is 25-35 meV. This energy span 

is comparable with the magnetic exchange energy 

necessary for the electronic spins recombination amongst 

eg and t2g states all along with the cationic rearrangement 

amongst the A- and B- sites or hoping of charge at the  

B-sites of the spinel lattice. Beyond this temperature range 

for T<Tmax and T>>Tmax (semiconducting regions) the 

temperature-activated process take over the conduction 

owing to delocalization of charges influenced by the 

magnetic exchange interactions as well as reordering of 

spins in t2g and eg electronic energy levels of magnetic 

cations residing at the octahedrally coordinated 

complexes. 

 It is found that the lattice parameter a(Å) enhances for 

an un-milled sample (8.425 Å) to 6 h milled sample  

(8.439 Å) and suddenly reduces for 9 h milled sample 

(8.414 Å) [1] (Table 1). We have correlated the jump 

length or hoping length (L= 1.4142(a) / 4) [42] of the 

charge carriers among ferrous and ferric ions (conduction 

owing to electrons) and Ni2+ and Ni3+(conduction due to 

holes) on the B-site with the electrical resistivity. 

Accordingly, with an increase in a (Å) increase in  

L with milling time is expected. This insinuates that 

charge carriers required an excessive amount of  

energy to hop from one cationic site to another that 

curtails the hopping responsible for conduction in the 

system with an increasing milling period as observed. 

Long back single-crystalline lithium vanadate spinels, 

LiV2O4, have shown temperature-dependent metallic 

conductivity and have been described on the basis of 

separation among two neighboring vanadium ion  

at the octahedral site [43]. Along the same line, for  

T<Tmax separation distance among Fe-Fe ion is less  

than a specific threshold value where in addition to the 

hopping of electron a nearly band-like conductivity 

intervenes, characterized by the observed metal-like 

conductivity behavior. As soon as sample temperature 

T>Tmax separation between Fe-Fe ions enhances to  

beyond the threshold value owing to thermal  

enlargement of the unit cell. This hinders the band-like 

conduction and once again conduction mechanism gets 

dominated by electron hopping amongst the neighboring 

B-sites. Thus, the typical thermal characteristics noticed 

for T>Tmax are ascribed to the electron hopping 

mechanism.  

 It is perceived that for the entire range of temperature 

normalized resistivity values increase with milling 

duration. This may be ascribed to the grain size reduction 

effect. The highly resistive grain boundary (GB) volume 

increases as compared to the volume of grains on grain 

size reduction. The GBs are the regimes of mismatching 

among the energy states of adjoining grains and as a 

consequence the corresponding impedance to the stream 

of charge carriers increases. An additional benefit of tiny 

grains is that it assists in diminishing ferrous ions (Fe2+) as 

oxygen moves swiftly the smaller regions, thus 

maintaining Fe ions in +3 states. Provided electron 

average free path is larger than the crystallite size, 

scattering owing to the grain boundary dominates and the 

temperature coefficient of resistance of materials also 

increases [44]. 



 

 The metal to semiconductor transition temperature 

shifted to higher temperatures with milling (Fig. 3).  

The sharp cusp temperature, Tmax, that separates the 

metallic conduction (T<Tmax) and region of semiconductor 

(T>Tmax) rely on the rivalry amongst the lattice vibration 

scattering and intrinsic excitation that increases on grain 

size reduction. Thus, Tmax increases with the increases of 

milling hours (Table 1). The results are consistent with 

the electrical behavior of Cu-Zn nanoferrites [11]. On the 

increasing temperature,the lattice vibration scattering 

effect gets enhanced that obstructs the electronic 

conduction but decreases the dc drift mobility correspond 

to the metallic conduction region. On the other hand, the 

ionization owing to impurity as well as intrinsic excitation 

are anticipated to enhance the charge carrier concentration 

and thus resistivity reduces in the semiconducting region 

on further increase in temperature. The Neel temperature 

(TN) for bulk Ni0.5Zn0.5Fe2O4 ferrite composition is 

reported to be 538 K, while it is found to be 611 K  

(14 nm), 592 K (16 nm) and 573 K  (50 nm) for 

nanostructured materials [3]. The transition temperatures 

(Tmax) identifiedin the present study are far below than the 

recorded one, so it cannot be correlated with a magnetic 

ordering transition temperature (TN). Thus, it is concluded 

that magnetic ordering has no influence on the conduction 

process. 

 It has been shown by Duan et. al., [31] that volume 

expansion together with strain and stress can alter the 

density of charge carriers not only that to some extent the 

mobility of the charge carriers also. With the increase of 

strain the mobility of carriers decreases, thus resistivity is 

expected to increase. The RMS value of atomic level 

strain <2> ½  is found to increase with milling hours 

(Table 1). Because the strain is summative with time, at 

the beginning of the milling process it takes place on the 

surface region of grains. Notwithstanding as milling 

process get continuous, the grains become smaller and 

smaller and strain developed throughout the grain.In the 

case of Ni0.36Zn0.64Fe2O4 nanoparticles synthesized by the 

mechanical alloying process for 30 h, Hajalilou et. al., 

[45] have shown that the resistivity has a direct correlation 

with porosity and an inverse correlation with grain size. 

On the same line of argument, it is now possible to explain 

the observed increase in the relative resistivity value with 

increasing milling duration from 3 h to 9 h in the light of 

porosity and grain size. As the porosity increases with 

milling (Table 1), the number of vacancies, scattering 

centers and voids for the electric charge carriers increases, 

causing a rise in resistivity. On the other hand, the small 

particles have a large surface to volume ratio which acts as 

a barrier to electron flow and thereby increases the 

resistivity. Thus, observed a huge rise in a maximum of 

normalized resistivity value for 9 h milled sample (Fig. 3) 

may be correlated with the cumulative effect of an 

increase in microstrain, increase in porosity and a decrease 

in grain size with the milling process.Noticeable sudden 

rise in normalized resistivity values for 9 h milled sample 

as compared to 3 h and 6 h milled samples may also be 

correlated with an observed sudden decrease in lattice 

constant value for 9 h milled sample as compared to un-

milled, 3 h and 6 h milled samples (Table 1)[1]. The 

reduction in the value of the cell edge parameter suggests 

less formation of larger ferrous ion (Fe2+)(0.74 Å) from 

ferric ion  (Fe3+) with an ionic radius of  0.645 Å in  9 h 

milled sample as compared to 3 h and 6 h milled samples. 

That decreases the number of Fe3+-Fe2+ pairs at the 

octahedral interstices, and thus resistivity abruptly 

increases as observed. On the same line of argument 

observed reduction in normalized resistivity values for 3 h 

and 6 h milled samples as compared to an un-milled 

sample can be explained. 

 It is worthwhile to notice the appearance of a broad 

bump for a 3 h  milled sample (centered at 570 K ) and a 

sharp peak (centered at 536 K) for  9 h milled sample for 

T>Tmax (Fig. 3). In this regime decrease in normalized 

resistivity is owing to the enhancement in the density of 

mobile charge carriers, along with charge carriers escape 

from their trapping centers with increasing temperature. 

The range of energy rather a single value is required to 

persist these trapped charges. The small hump and intense 

peak are thus in consequence of these aggregate values of 

energies [7]. The thermal variation of direct current 

resistivity characteristics resembles  the suitability of these 

materials for thermal switching applications. Further work 

is in progress. 

Conclusions 

The relative strength of direct and superexchange 

magnetic interactions at the octahedral complexes, as well 

as potential on grain boundary and eg electron energy, are 

responsible for metal to semiconductor type electrical 

transition as a function of temperature in nanostructured 

Ni0.5Zn0.5Fe2O4  spinel ferrites. Observed small bump (3 h 

milled sample) and sharp peak  (9 h milled sample) at high 

temperatures are mainly due to a spectrum of energies 

correspond to charge trapping centers. The gigantic rise  

(~ 250 times) in normalized resistivity values manifested 

by 9 h milled sample is owing to the cumulative effect of 

grain size reduction, strain enhancement and reduced 

formation of ferrous ions residing on the octahedral sites 

on milling. The shifting of transition temperature towards 

a higher temperature on milling is due to rivalry amongst 

the lattice vibration scattering and intrinsic excitation. 
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