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The electrical resistivity, p, and Seebeck coefficient, a, for the system Cul +xSixFe2_2x04 
(where x =  0.05, 011,0.15, 0.2 and 0.3) have been studied as a function of temperature. 
Temperature variation of the resistivity exhibits two breaks. Each break is associated with a 
change in activation energy. The conduction process at low temperature is governed by the 
reaction Cu~, + + Cu2+--,Cu~ + + Cu~ +. However, at higher temperature, it is due to intersite 
cation exchange and reoxidation such as CUA 2+ + Fe3B+-~Cu 2+ + Fe~ +. Measurement of the 
Seebeck coefficient, a, from room temperature to 800 K reveals n-type conduction for the 
sample with x = 0.05, while the measurements for other samples show p-type conduction for 
lower temperatures and n-type conduction at higher temperatures. The activation energies in 
the paramagnetic region are found to be less than those in the ferrimagnetic region. 

1. Introduction 
Transport  properties of ferrites are of great interest to 
many investigators I-1-4]. Ferrites have semiconduct- 
ing properties but the conduction mechanism is differ- 
ent and much less understood in comparison with the 
elemental group IV semiconductors, such as silicon 
and germanium. Verwey and Heilman I-5] have de- 
scribed the conduction mechanisms to be due to the 
hopping effect which can be controlled by the addition 
of minor constituents. The present study is mainly 
concerned with the experimental results of electrical 
resistivity and Seebeck coefficient of copper ferrite 
with a small percentage of Si 4 § as minor substitution. 
Abnormal thermal, magnetic and dielectric properties 
of copper ferrites have been reported by Rezlescu and 
Rezlescu [6]. The aim of the present work was to 
investigate the nature of the charge carriers and the 
possible conduction mechanism in Si4+-substituted 
copper ferrite. 

2. Experimental procedure 
Samples of the system Cul+xSixFe2_2x04 (x = 0.05, 
0.1, 0.15, 0.2 and 0.3) were prepared by the usual 
ceramic technique. The pure oxides were mixed and 
then ground to very fine powder using an agate 
mortar. The samples in the form of discs were sintered 
at 1223 K for 20 h and slowly cooled to room temper- 
ature. The X-ray diffraction patterns were taken using 
FeKa radiation. The d.c. resistivity of the samples was 
measured using the two-probe method with silver 
electrodes, and the temperature was measured using a 
chromel-alumel thermocouple. For  thermoelectric 
power measurements, a temperature difference of 20 K 
was produced across the pellet with the help of a 
microfurnace fitted with the sample holder assembly. 

3. Results and discussion 
For all the samples, X-ray diffraction patterns show 
simple phase cubic spinel structure. Lattice constants 
for different compositions are given in Table I. The 
decrease of lattice constant with increase of Si 4+ 

concentration can be understood in terms of the differ- 
ent ionic radii of the cations. In general, if the ionic 
radius of the substituted cation is smaller than that of 
the replaced cation, the lattice shrinks and this results 
in a decrease of the lattice constant. In the present 
case, Fe 3 + ions (0.067 nm) are being replaced by the 
composite ion Cu2+-Si 4+ (0.069, 0.042nm) in the 
formula unit. This may be the reason why lattice 
constant values in this system decrease. 

The temperature dependence of the electrical re- 
sistivity, p, of the CUl+xSixFe2_2xO 4 system is pre- 
sented in Fig. 1. Plots of logp versus 1/T obey the 
Arrhenius relation p = poexpAE/kT for all samples. 
They are almost linear with two breaks giving three 
distinct regions. The activation energies in the para- 
magnetic region are less than those in the ferrimagne- 
tic region (AE 3 < AE2). The resistivity at a given 
temperature increases with the increasing Si 4+ con- 
centration. 

Fig. 2 shows the temperature variation of the See- 
beck coefficient, ~, for all the samples; ~ is negative 
over the whole range of temperature for the composi- 
tion with x = 0.05, indicating that it is n-type conduc- 
tor. For the remaining samples, ~ is positive initially 
and after 430 K, it becomes negative. Cusp-like min- 
ima are observed near the Curie temperature for all 
samples. This indicates that the samples contain 
acceptor and donor centres with different relative 
predominance. Using the observed values of both p 
and ~, the mobility, pd, is calculated as suggested by 
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TABLE I Data on activation energies. AE. Transition temperatures and Curie temperatures for the Cul +~Si,Fe2_2~O 4 system 

Content, Lattice Activation energy Activation Transition Curie 
x constant, energy from temperature temperature, 

a AE 1 AE 2 AE 3 mobility, Tc 
(nm + 0.0002 nm) (eV) (eV) (eV) E2 (eV) T1 T2 (K) 

(i~) (~) 

0.05 0.8385 0.158 0.437 0.198 0.452 384 714 707 
0.10 0.8344 0.198 0.477 0.278 0.473 400 689 667 
0.15 0.8329 0.213 0.595 0.357 0.602 411 641 634 
0.20 0.8299 0.238 0.675 0.437 0.682 416 625 603 
0.30 0.8294 0.278 0315 0.556 0.731 434 621 540 
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Figure 1 Temperature variation of resistivity for the system Cu I +=Si=Fe=_ zxO 4 where x = (�9 0.05, ( • ) 0.!, (0) 0.15, (A) 0.2 and (0)  0.3. 

G h a n i  et al. [7]  

lad = exp 2NOpe (1) 

where NO is the concen t ra t ion  of  Fe  3 + ions on octa-  
hedra l  sites. The  o ther  no t a t i ons  have the usual  mean-  
ings. The  t empera tu re  va r ia t ion  of logl.td is shown in 
Fig. 3. F r o m  these resul ts ,  it is clear  tha t  lad increases 
exponen t ia l ly  with t empera tu re  accord ing  to lad 
= laoexp - A E / k T .  Latt ice  constants ,  the ac t iva t ion  

energies,  t r ans i t ion  t empera tu re  and  Curie  temper-  
a tures  are  l isted in Tab le  I. 

In  general ,  the conduc t iv i ty  in ferrite has been 
assoc ia ted  with the presence of  ions of  a given e lement  
in more  than  one valence state, These ions become 
d is t r ibu ted  over  the c rys ta l lograph ica l ly  equiva lent  
sites. The  resist ivi ty of the ferrites is con t ro l l ed  by the 

1 7 6  

ca t ion  concen t ra t ion  on  the B-sites. F r o m  the values 
of  AE1, which are in the range 0.15-0.27 eV, it appears  
tha t  in the low- tempera tu re  range,  the conduc t ion  is 
extrinsic.  Similar  results  have been r epor t ed  by Pat i l  
~t al. [8]. The  values of  ac t iva t ion  energies, AE 2, which 
are  greater  than 0.43 eV below the Curie  t empera tu re  
s t rongly  predic t  tha t  smal l  p o l a r o n  conduc t ion  dom-  
inates. Small  p o l a r o n  fo rma t ion  can take  place in 
mater ia l s  whose conduc t ion  e lect rons  be long to in- 
comple te  i n n e r  d or  f shells, which due to small  
e lec t ron over lap,  tend to form ext remely  n a r r o w  
bands  [9]. The ions with d9(Cu 2 +) e lectronic  config- 
u ra t ion  when s i tuated at  oc tahedra l  sites, cause a 
s t rong  t e t r agona l  d i s to r t ion  (c/a > 1). This  d i s to r t ion  
in the spinel s t ructure  affects the d is tance  between the 
ne ighbour ing  Fe  2+ and  Fe  a+ ions; as a result,  the 
conduc t ion  process  of  the hopp ing  electron is ex- 
pec ted  to be modu la ted .  
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Figure 2 Temperature variation of thermoelectric power for the system Cu 1 +=Si=Fe 2_ 2xO4. For key, see Fig. 1. 
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Figure3 Temperature variation of mobility for the system 
Cu 1 +xSi~Fez_z=O4. For key, see Fig. 1. 

The electrical properties of ferrites have been ex- 
plained on the basis of tunnelling of electrons between 
Fe 2+ and Fe 3 + atoms on B-sites by Srinivasan and 

Srivastava [10]. It has been shown by Bates and 
Steggels [11] that the electrons which participate in 
the Fe2+~.-~-Fe 3+ + e exchange process are strongly 
coupled to the lattice and tunnel from one site to the 
other due to a phonon-induced transfer mechanism. 
The activation energies calculated from mobility, E~, 
and from conductivity, i.e. AE2, show good agreement. 
This clearly suggests that the conduction below the 
Curie temperature is mainly due to polaron hopping. 

For all samples, it is observed that the activation 
energies calculated for the ferrimagnetic (AE2) are 
higher than for the paramagnetic region (AE3). Van 
Uitert 1-12] has shown that a very little deficiency or 
excess of iron ions changes the resistivity from a 
typically high value (10 l~ f~cm) to a very low value (a 
few hundred ohm centimetres) in Ni-Zn ferrites. 
Bazynski [13] found that the magnetic ordering in 
Ni-Zn ferrite lowers the generation of carriers, where- 
as the mobility remains constant, so that the activa- 
tion energy is higher in the ferrimagnetic region than 
in the paramagnetic region. Murthy et al. [14] con- 
finned this and suggested that the change in the slope 
can be either linked with magnetic ordering or with 
the conductivity mechanism. Hall effect and thermo- 
electric properties are widely used in the interpretation 
of the conduction mechanism in the semiconductors. 
In the case of low mobility materials such as ferrites, 
however, it is sometimes difficult to measure the Hall 
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effect; in such cases, thermoelectric power (thermo 
e.m.f.) measurement is the only alternative. The sign of 
the thermo e.m.f, gives vital information about the 
type of conduction in ferrites. There are only two 
important conduction processes to be considered for 
CuFe20  4 at lower temperatures [15]. These are 

+ + + - - ,  + + + ( 2 )  

Fe 3+ + C u  z+ ~ Fe 4+ + C u ~  + (3) 

The mixed valence small polaron Reaction 2 gives 
only p-type conduction depending on the relative 
concentration of Cu 1+ and Cu 2+ ions on A-sites. 
Seebeck coefficient data for all samples, except for 
x = 0.05 showed p-type conduction. Therefore, the 
predominant conduction may be due to Reaction 2. 
The formation of both types of centres (Cu x +, Fe z+) 
may result from the loss of oxygen during sintering 
[15]. In the present system, an increase of (Cu 2+, Si 4 +) 
concentration with increase of x has t h e  effect of 
reducing the net Fe 3 + ion concentration by (2 - 2x). 
This reduces the Fe 3 +/Fe z+ ions available for conduc- 
tion. Further localization due to Si 4+ ions hinders the 
FeZ+~,-~--Fe 3+ transition. Therefore, the conduction 
process due to Reaction 3 is less probable for the 
present system. When a metastable CuFe204 sample 
is heated, two temperature domains, 473 K < 548 K 
via intersite cation exchange and 573 K < T < 673 K 
via reoxidation, are noted, in which Cu 2+ ions on B 
site increase. The intersite cation exchange is given as 

Cu~ + + Ve~ + ~ Cu 2 + + Ve 3+ (4) 

Reaction 4 gives n-type conduction. Therefore, from 
the present study, the behaviour of ~ and p with 
temperature suggests that a mixed conduction process 
takes place because of simultaneous presence of ac- 
ceptor and donor centres. Similar results have been 
obtained by Nanba and Kobayashi [16]. It is stated 
that Reaction 4 reduces Reaction 2, hence the change 
in the sign of the Seebeck coefficient is associated with 
intersite cation exchange. At higher temperatures, the 
predominant conduction process is due to Reaction 4. 
The observed cusp-like minima may be due to the 
filling of oxygen vacancies at that temperature which 
reduces the concentration of mobile electrons. 

4. Conclusion 
The following conclusions may be drawn. 

1. The conduction process at low temperature is 
due to Cu~,+ + Cu2+---~ C u ~ + +  Cu~ +, while at 
high temperature, it is due to Cu2+/Fe 3+ intersite 
exchange like Cu~ + + Fe 3+ ~ Cu~ + + Fe 3+ and 
reoxidation of copper ions. 

2. The change in the sign of Seebeck coefficient is 
associated with these reactions. 

3. The conduction process above the Curie temper- 
ature is due to Cu 2 +-rich and Cu 2 +-poor domains. 
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