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Abstract 
 

The electrical properties of polycrystalline NiZn ferrite, Zn0.44Ni0.38Fe2.18O4, were investigated by 

impedance spectroscopy over the frequency and temperature ranges, 5 Hz to 2 MHz and 10 to 

600 K and by magnetic permeability measurements at room temperature.  Samples were sintered 

in either conventional or solar furnaces followed by quenching or slow cooling to ambient 

temperature. Depending on processing conditions, the room temperature electrical resistivity of 

conventionally-sintered samples varied by seven orders of magnitude, from 5 ohm cm for a sample 

quenched from 1250 oC to 10 Mohm cm for a sample quenched from 400 oC; corresponding 

activation energies varied from 0.005 to 0.437 eV.  These variations were attributed to the oxygen 

content of the ferrite which decreased with increasing temperature and in oxygen-deficient 

samples, led to mixed oxidation state of Fe in the octahedral B sites of the spinel structure.   

Samples sintered in the solar furnace were much more conductive than ones that were slow-

cooled after conventional sintering and this is attributed to the relatively rapid cooling rate after 

exposure in the solar furnace, which preserved some of the oxygen deficiency present at high 

temperature.  For the same reason, samples that were slow cooled in N2 were also much more 

conductive. For conventionally-sintered samples of similar density, quenched samples had much 

higher imaginary permeability, attributed to their lower resistivity and higher eddy currents, than 

slow-cooled samples.  Solar-sintered samples had higher real permeability than slow-cooled, 

conventionally-sintered ones mainly due to a combination of their lower resistivity and higher 

density, 96% compared to 86%.  



1 Introduction 

Ferrimagnetic materials, such as ferrites, are widely used as core material for power transformers 

and in high frequency devices. An important property of these materials is their high electrical 

resistance which, compared with that of other magnetic materials, greatly reduces eddy current 

losses at high frequencies1. The influence of additives2, grain size and grain size distribution3, 

sintering time4, temperature5 and Ni,Zn:Fe ratio6 on the electrical properties of ferrites have been 

widely studied.  However, there are no reported studies on the specific effect of possible oxygen 

non-stoichiometry, and its dependence on cooling rate from high temperature, on the electrical 

properties. 

Impedance spectroscopy, IS, is an invaluable, non-destructive tool for analyzing the electrical 

properties of functional ceramics7. Using IS, it is possible to separate the bulk and grain boundary 

contributions to total conductivity8. A few studies on the characterization of ferrites using this 

technique have been reported1,9,10,11. In those studies, in air, the ferrites were clearly 

heterogeneous electrically and were characterised by low resistivity grains separated by high 

resistivity grain boundaries. 

Use of a solar furnace for sintering offers the possibility of fast sintering due to its ability to reach 

high temperatures in short times, with heating/cooling rates up to several tens of degrees per 

minute. It is also a powerful and environmentally-friendly technique with no associated CO2 

emissions. Previous work has demonstrated the applicability of solar sintering to the  densification 

of ceramic powder such as  cordierite-based ceramics12, Si3N4
13 and alumina14. 

Recently, we investigated the solar sintering of commercial Ni-Zn ferrite powders; the mechanical 

and magnetic properties were compared with those of similar material sintered in a conventional 

electrical furnace15.  Suitable sintering conditions with the solar furnace were found to be a 

sintering temperature of 1250 oC for 30 mins in air using a heating / cooling rate of 30 oCmin-1.   

Preliminary studies on conventionally-sintered samples showed that the cooling rate after sintering 

may have a dramatic effect on the subsequent electrical properties.  Here, we therefore report a 

systematic study of the effect of annealing temperature and cooling rate on the electrical and 



magnetic properties of well-sintered Ni,Zn ferrites obtained by both conventional and solar sintering 

and demonstrate clear correlations between sample processing conditions, electrical conductivity 

and magnetic permeability.  

2 Experimental Procedure 

2.1 Materials 

The starting raw material was a granulated pre-sintered Ni-Zn ferrite (Zn0.44Ni0.38Fe2.18O4) powder 

that is typically used for the industrial manufacturing of ferrites. The powder was a presintered 

mixture of Fe2O3, NiO and ZnO provided by Ferroxcube which was heavily agglomerated (30-300 

m) into large spheres as a consequence of its preparation by spray-drying. During this powder 

conditioning, about 1-2 weight % of organic component was incorporated into the powders.  

2.2 Processing and experimental techniques 

Green specimens were fabricated by uniaxial compaction using a dual effect press and 100 MPa of 

pressure (standard industrial conditions) in the form of toroids, 10.3 mm outer diameter x 5 mm 

inner diameter x 3.45 mm depth.  

One batch of samples was sintered in air in a conventional furnace at 1250 ºC for 2 hours and 

cooled at 3.5 ºC/min. Some of these samples were then heated at 1250 ºC and cooled rapidly 

(approx. 100 oCsec-1) by quenching into liquid nitrogen.  

A second batch of samples was sintered in a solar furnace at 1250  ºC for 30 mins in air using a 

heating/cooling rate of 30 ºC/min. These experiments were carried out in the Solar Furnace (SF60) 

of the Plataforma Solar de Almería (PSA-CIEMAT) in Spain. The operating conditions of the solar 

furnace have been described by Román et al14. This solar system essentially consists of a 

continuous solar-tracking flat heliostat, a parabolic concentrator mirror (collector), an attenuator 

(shutter) and a test zone located in the concentrator focus centre.  

The temperature in the solar furnace was managed by the opening of the shutter. When the shutter 

is 100% open and the system is illuminated at a direct solar irradiance of 1000 W/m2, the focus is 



characterised to have an irradiance peak of 3051 kW/m2 and a total power of 68 kW16. The 

temperature in the central part of the chamber, where samples are located, is controlled by an 

alumina-protected thermocouple. Furthermore, an infrared camera is used to monitor a profile of 

the relative temperature distribution along the chamber surface. In figure 1, the temperature profile 

of the thermocouple and IR camera during the experiment is displayed. The opening of the shutter 

(in %) is also plotted. 

In order to control the temperature of the samples, 4 sintering rings (Ferro electronic materials, 

PTCR-STH 214) were used as shown in figure 2. After sintering, the diameter of these rings, 

calibrated against coefficient of thermal expansion data, was measured to ascertain the 

temperature achieved in the furnace.  

Slow-cooled and quenched samples were analyzed by X-ray powder diffraction, XRD using a 

STOE STADI P diffractometer with Mo KĮ1 radiation (Ȝ = 0.70λ2 Å) and Si as external standard for 

d-space measurements. Indexing of the XRD patterns was carried out using WinXPow software. 

The sintered densities were determined using the Archimedes method. 

For electrical property measurements, samples, with gold electrodes sputtered on opposite faces, 

were attached to the Pt leads of a conductivity jig and, for measurements above room temperature, 

placed inside a non-inductively wound horizontal tube furnace with temperature controlled and 

measured to within 3º. For measurements between 10 K and room temperature, the jig was placed 

inside a cryocooler. Two impedance instruments were used, both with a small applied ac voltage, 

nominally 100 mV: an HP impedance analyzer 4192A over the frequency range 5 Hz to 10 MHz, 

with the added facility to take measurements at the same time as application of a dc bias and an 

Agilent E4980A Precision LCR meter over the frequency range 25 Hz to 2 MHz. All impedance 

measurements were carried out in air.  

The real, µ’ and imaginary, µ’’ parts of the magnetic permeability were measured as a function of 

frequency at room temperature with a Hewlett-Packard LCR-meter HP4285A over the frequency 

range 100 kHz to 11.5 MHz. 



3 Results and discussion 

XRD patterns of slow-cooled and quenched samples are shown in figure 3. Both samples were 

single phase with spinel structure.  The lattice parameters, determined by Rietveld analysis, were 

similar: 8.3925(5) Å and 8.4054(2) Å for slow-cooled and quenched samples, respectively. The 

slightly larger value for the quenched sample is attributed to a small, but unquantified amount of 

oxygen loss at high temperature which was preserved by quenching. Although lattice contraction 

might be expected as a result of the loss of some large oxide anions from the structure, this is 

more than offset by the reduction in average ionic bond strength associated with oxygen loss: O2 

gas is liberated, electrons are injected into the structure, the average positive charge on the 

transition metal components reduces and there are fewer negatively-charged anions present in the 

structure.  Consequently, a lattice expansion occurs. 

The density of conventionally-sintered, slow-cooled and quenched samples was 87% of the 

theoretical value while solar-sintered samples were 96% dense15. SEM micrographs of slow-

cooled, solar-sintered and quenched samples are shown in figure 4. Similar microstructures are 

seen in slow-cooled and quenched samples with a small grain size, while solar-sintered ferrites 

have a bimodal distribution with grains of approximately 20 ȝm and 3 ȝm size. 

A typical impedance data set for conventionally-sintered, slow-cooled samples is shown in figure 5.  

Data are presented in the form of impedance complex plane plots, Z” / Z’ (a), as Z’’, M’’ 

spectroscopic plots (b) and as C’ spectroscopic plots (c). Impedance data are corrected for overall 

sample geometry and are reported in units of ohm cm.  Values of bulk resistance therefore 

approximate to resistivity values but the grain boundary values do not since they are not corrected 

for the geometry of the grain boundary regions. We therefore refer to data as resistances, although 

the units are given as ohm cm. Two arcs are shown in the impedance complex plane at 414K and 

437K, one at high frequency with low resistance and the other at low frequency with a somewhat 

higher resistance.  The Z’’/M’’ spectroscopic plots show two peaks in the case of Z’’ but only one in 

M’’ which overlaps with the higher frequency of the two Z” peaks. The C’ spectrum shows a high 

frequency plateau and a low frequency plateau.  



All data were consistent with an equivalent circuit consisting, ideally, of two parallel RC elements 

connected in series.  Z* data show well-defined arcs and resistance values were extracted directly 

from intercepts on the real, Z’ axis; detailed circuit fitting has not been carried out.  Such a circuit 

gives, as shown in figure 5, two arcs in the impedance complex plane, A, two peaks in the Z” 

spectrum, B, one or two peaks in the M” spectrum depending on the magnitudes of the associated 

capacitances, B and two plateaux in the C’ spectroscopic plot, C.    

The high frequency plateau has capacitance ≈ 4 pFcm-1 which is a typical value for a bulk 

capacitance8. The low frequency value, around 1 nFcm-1, is typical for a grain boundary 

impedance. The low frequency C’ plateau is associated with the larger, low frequency arc in the 

impedance complex plane and the low frequency peak in the Z” spectrum,  while the high 

frequency plateau is associated with the high frequency impedance arc and the M” peak. A 

second, low frequency M” peak is present but is not apparent on the linear M” scale used in figure 

5: M” peak heights are inversely proportional to capacitance and the grain boundary capacitance is 

approximately 250 times larger than the grain capacitance.  

The resistivity of the grain boundary is several orders of magnitude higher than that of the grains.  

From the ratio of the capacitance data, and assuming (i) a series connection of grains and grain 

boundaries and (ii) the grains and grain boundaries have the same permittivity, the thickness of the 

grain boundaries is estimated to be only ~0.25 % of that of the grains. Such data are typical of 

many electroceramics that show both bulk and grain boundary contributions to the overall 

impedance and for which a series equivalent circuit is appropriate.  

Impedance data for solar-sintered samples are similar in general appearance to those of the slow-

cooled samples but appear in the measuring frequency range only at much lower temperatures. 

Thus, two semicircles are seen in impedance complex plane plots at 10 and 20 K, figure 6 and two 

plateaux are observed in C’ spectroscopic plots. The resistances of the solar-sintered sample are 

very much less than those of the slow-cooled sample and are attributed to the higher conductivity 

associated with oxygen-deficiency of the solar-sintered samples. 



Impedance data for a conventionally-sintered sample quenched from 1250 oC are shown in figure 

7. Low measuring temperatures were necessary for impedance data to be accessible over the 

frequency range of the instrumentation, but there was one notable difference to the solar-sintered 

sample dataμ the C’ spectroscopic plot shows evidence of a third, poorly-resolved, low frequency 

plateau at approximately 10 nFcm-1 and the impedance complex plane plots show a third, low 

frequency arc. Capacitance values of this magnitude are usually associated with sample surfaces8 

or sample-electrode interfaces17.   

 A useful test to gain further information on the origin of the various impedances that are detected 

is to carry out impedance measurements with / without an applied dc bias.  Results are presented 

in figure 8 which show that the third, lowest frequency arc in the complex plane plot decreases in 

size with increasing dc bias and is largely absent with 5 V bias. This indicates that the third arc is a 

potential barrier impedance, rather than a material impedance and is attributed to formation of a 

Schottky barrier17 at the sample-electrode interface, associated with a mismatch in Fermi levels 

across the interface.  In order for Schottky barriers to be detected readily in impedance data, it is 

usually necessary that their associated resistances are comparable to or greater than those of 

other resistances within the sample.   

As a first step in the creation of a Schottky barrier, a significant amount of electron spill-over occurs 

between the metal electrode and the quenched sample, leading to a space charge layer at the 

sample surface whose resistive properties are different to those of the sample interior.  For the 

quenched samples, the bulk and grain boundary resistances are several orders of magnitude less 

than those of slow-cooled samples. Schottky barriers form spontaneously at the electrode-sample 

interfaces and the barrier height can be reduced on application of a dc bias, as shown in figure 8. 

The large difference in electrical properties between, on the one hand, slow-cooled samples and 

on the other hand, solar-sintered samples and especially, quenched samples, is attributed to a 

small, unquantified, amount of reversible oxygen loss from the ferrite samples at high temperature. 

Many oxides start to lose oxygen at high temperatures and the electrons that are released, by the 

mechanism: 



                                                     o2
x
O ve2O21O                                                 (1) 

can give rise to dramatic increases in the electronic conductivity.  An excellent example is rutile 

which changes from an insulator in slow-cooled samples to a good semiconductor in samples 

quenched from eg 1200 oC, even though the amount of oxygen loss was barely detectable by 

weight loss studies17. We suggest that the Ni,Zn ferrite samples may also lose oxygen at high 

temperatures; if the samples are quenched, the oxygen non-stoichiometry is retained, but if they 

are slow-cooled, reoxidation occurs. Comparison of the electrical properties of the different 

samples indicates that the solar-sintered sample may have a significant degree of oxygen 

deficiency, but not as much as that in the quenched samples.  Some reoxidation occurred during 

cooling in the solar furnace, therefore, but was incomplete, perhaps due to a combination of the 

relatively fast cooling rate and the reduced porosity of the solar-sintered samples 

Oxygen loss under equilibrium conditions generally increases increasingly rapidly with temperature 

and can be studied by quenching samples from different temperatures after equilibration. On 

measuring their electrical conductivity at room temperature, the high temperature condition is 

effectively frozen-in. Results are shown in figure 9 for the total conductivity of materials quenched 

from temperatures in the range 400 to 1250 oC. The room temperature resistivity decreases by 

almost 7 orders of magnitude with increasing quench temperature. A similar large change was 

observed by van Uitert6 but was associated with variation of the Ni,Zn:Fe ratio. In addition to 

possible oxygen loss, the volatilization of Zn at high temperature was suggested as an additional 

mechanism by which the composition may vary during sintering of NiZn ferrites6. However, it was 

reported that Zn losses are negligible for sintering above 1250 ºC18.  Furthermore, from our results 

shown in figure 3, the XRD patterns and refined lattice parameters are similar and may indicate 

little change in cationic composition on firing at 1250 oC.  

The decrease in resistivity is attributable to the formation of Fe2+. The formation of Fe2+ allows 

electron hopping between Fe2+ and Fe3+ ions which brings about a reduction in resistivity19. Further 

work is required to (i) quantify the oxygen non-stoichiometry as a function of temperature and (ii) 

determine whether volatilization of Zn leads to a modification in cation composition and 



conductivity of samples sintered in the solar furnace and in samples subjected to similar thermal 

treatments.  

Arrhenius plots of the bulk conductivity of the three main categories of sample are shown in figure 

10. The slow-cooled sample gives an approximately linear plot with activation energy, 0.44 eV. 

This value is slightly higher than those (0.1-0.4 eV) reported for Ni-Zn ferrites prepared by 

conventional dry solid-state reaction20 and slightly lower than samples synthesized by a wet-

chemical method (0.55-0.73 eV) and is dependent on the sintering conditions and/or Zn losses. 

The quenched and solar-sintered samples show non-linear plots with a tendency to very low 

activation energy at low temperatures. We attribute the non-linear Arrhenius plots of the samples 

that were not fully oxidized to a transition from extrinsic to intrinsic behavior with increasing 

temperature.  These samples were oxygen-deficient to a certain, but unknown, extent and the 

electrons liberated on oxygen loss were presumably located on Fe as Fe2+. The low activation 

energy at low temperatures, below ~20 K, is attributed to easy electron hopping between Fe2+ and 

Fe3+. The conductivity of the quenched sample is higher than that of the solar-sintered sample, 

consistent with the expectation that the quenched sample is more reduced and therefore, has a 

higher carrier concentration.   

At higher temperatures, all three samples have much higher activation energy for conduction; most 

of this activation energy is associated with an additional carrier creation process, the details of 

which are unclear.  But, if it is assumed that Fe in the fully oxidized, slow-cooled sample is entirely 

Fe3+, then presumably, electron promotion to higher levels within Fe3+ occurs, leading to the region 

of intrinsic conductivity. 

Real and imaginary parts of the permeability at room temperature for the three categories of 

sample are shown in the figure 11; all samples show a similar behavior. At low frequency, the real 

permeability, ȝƍ, is constant over several decades of frequency until a certain frequency is reached 

at which the permeability reaches a maximum value, especially for slow-cooled samples and 

afterwards shows a significant decrease. The fairly constant ȝƍ values over a large frequency range 

show the compositional stability and quality of the ferrites prepared. This flat region, known as the 

zone of utility of the ferrite, is a desirable characteristic for various applications such as broadband 



pulse transformers and wideband read-write heads for video recording. Solar-sintered samples 

have higher permeability than slow-cooled samples; this may be associated with a significant 

increase in density21 (96 % of theoretical density for solar-sintered samples vs 86 % for slow-

cooled specimens), but the grain size of the solar samples is also significantly greater, which may 

indicate a correlation between grain size and permeability22.  Quenched and slow-cooled samples 

have similar density but different permeability which may indicate a correlation between resistivity 

and permeability. Hence, several sample variables: density/porosity, grain size/size distribution and 

resistivity, may all have an influence on the real permittivity. 

The imaginary part of the permeability, ȝƎ, decreases with increasing frequency, passes through a 

minimum and then increases to a maximum; this is not a sharp maximum, as would be expected 

for a resonant frequency, but is more indicative of either a distribution of resonant frequencies or a 

relaxation frequency. Slow-cooled samples have the lowest imaginary permeability, independent of 

density while quenched samples have the highest value. This may be because quenched samples 

have low resistivity and therefore, high eddy currents6. These results show that resistivity appears 

to have a greater correlation with the imaginary permeability than has density. 

 

4    Conclusions 

Impedance spectroscopy has shown two contributions to the impedance of NiZn ferrites, a higher 

resistivity grain boundary and a lower resistivity bulk for both conventionally-sintered and solar-

sintered ferrites. In addition, for highly conducting quenched samples, a third resistance was 

attributed to Schottky barriers which were removed by application of a dc bias. A strong correlation 

between cooling rate and electrical properties of NiZn ferrites has been demonstrated. Higher 

cooling rates associated with quenching cause an increase in electrical conductivity by almost 7 

orders of magnitude. This is attributed to a small amount of unquantified oxygen loss at high 

temperatures which is likely to be regained at slower cooling rates. Using a solar furnace with a 

cooling rate of 30 ºC/min, the electrical conductivity was intermediate between that of slow-cooled 

and quenched samples and was attributed to partial reoxidation during cooling. Conductivity 



Arrhenius plots of oxygen-deficient samples show a change from low activation energy, extrinsic 

conduction at low temperature, associated with electron hopping between Fe2+  and Fe3+, and 

intrinsic conduction with activation energy 0.44 eV at high temperature. 

.The magnetic properties revealed the importance of the different sample processing variables. On 

the one hand, Solar-sintered samples have the highest real permeability, ȝ’, because of their high 

density and/or grain size/size distribution. On the other hand, a slow cooling rate leads to a lower 

imaginary permeability, ȝƎ, due to increased oxygen content and a higher electrical resistivity. 

Resistivity can also modulate the real permeability for samples with similar density and grain size.   
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Figure Captions 

Fig.1 Variation of temperature measured by: thermocouple; infrared camera; opening of the 

shutter. 

Fig. 2 Sintering rings (white) to determine the maximum temperature of ferrites (brown) achieved in 

the solar furnace 

Fig. 3 XRD patterns of NiZn ferrite quenched from 1250ºC and slow-cooled, with Mo KĮ1 radiation, 

Ȝ = 0.7092 Å 

Fig. 4 SEM micrographs of slow-cooled (left), solar-sintered (centre) and quenched samples (right) 

sintered at 1250 ºC 

Fig. 5 Typical IS data sets measured at 414 K and 437 K of slow-cooled NiZn ferrite (a) impedance 

complex plane (b) Z’’, M’’ spectroscopic plots and (c) C’ spectroscopic plots. 

Fig. 6 IS data measured at 10 and 20 K of NiZn ferrites sintered in a solar furnace; (a) impedance 

complex plane plots, (b) C’ spectroscopic plots. 

Fig. 7 IS data measured at 10 and 20 K of quenched NiZn ferrites (a) impedance complex plane 

(b) C’ spectroscopic plot. 

Fig. 8 Effect of dc bias on the impedance complex plane plots of a quenched NiZn ferrite measured 

at 10K 

Fig. 9 Resistivity of NiZn ferrite as a function of quench temperature. 

Fig. 10 Arrhenius plots of total resistivity emphasizing (a) high and (b) low temperature data. 

Fig. 11 Real (continuous line) and imaginary (dashed line) parts of permeability as a function of 

frequency at room temperature. 

 


