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An increase in the annealing temperature up to Tan = 873 K leads to an additional increase in active re-
sistances (see fig. 6, a), which can be associated with the formation of the Fe2O3 dielectric oxide phase. 
In this situation, in the case of the appearance of the negative capacitance effect, the largest increase is no-
ticeable in the active component R2 of the second RCL-circuit, which is most likely due to the contribution 
of semiconducting phases (especially narrow-gap Fe3O4 ) that appear during the above-mentioned chain of 
FeO → Fe3O4 → Fe2O3 transformations. 

In (FeCоZr)x(PZT)1 – x nanocomposites deposited in Ar – O2 mixture at a partial oxygen pressure of PO2
 = 2.0 mPa, 

in the case of the presence of one RC-circuit in the ESC, its elements are characterised by decreasing depen
dences with two different activation energies at low and high temperatures, respectively (as in the case of ESC 
with one RCL-circuit for samples with an Al2O3 matrix, when the contributions of the dielectric alumina mat
rix and Fe2O3 oxide predominate, as well as a negative phase shift).

With an increase in PO2
 in the deposition atmosphere to 3.0 mPa, in the case of the presence of two RCL-cir-

cuits in the ESC, their elements are also characterised by R Ti ( )  dependences decreasing with increasing tem-
perature with two different activation energies in the region of low and high temperatures, respectively (as in 
the case of equivalent circuits for samples with an Al2O3 matrix, when the effect of negative capacitance is 
observed due to the predominance of the contributions of semiconductor oxides FeO and Fe3O4 ).

After annealing in air up to Tan = 598 K, the (FeCоZr)x(PZT)1 – x samples show an increase in the values of 
the active and redistribution of the reactive components of the equivalent circuits, associated with the forma-
tion of additional oxide phases.

Based on the selected temperature dependences of active Ri and reactive RСi, RLi ESC elements for unan-
nealed nanogranular film composites (FeCоZr)x(Al2O3)1 – x and (FeCоZr)x(PZT)1 – x (in the case of the presence 
of two RCL-circuits in ESC), we have used the improved model of hopping conduction [12] in a weak electric 
field (Е < kT ), to extract the average characteristic hopping activation energies ∆Еi , affecting various elements 
of the equivalent circuit. The procedure for such an assessment takes into account the fact that the value of 
∆Еi characterises the potential energy of a pair of charges (which, according to [13], form a dipole) located in 
adjacent potential wells. Then, based on the relation
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it is possible to estimate the average hopping lengths ri (for these estimations we used the permittivity of the 
matrix substance as ε = 10 and ε = 34 for Al2O3 and PZT, respectively).

Estimates made for (FeCоZr)x(Al2O3)1 – x nanocomposites, deposited in Ar – O2 mixture at x = 0.31 (up to 
the touching threshold), gave the following results. The average characteristic hopping activation energies ∆Ei 
turned out to be such that the barrier is permeable in the case of hopping through phases corresponding to both 
RCL-circuits (∆E1 = 3.5 meV in the high temperature region and ∆E2 = 7.3 meV in the low temperature region). 

At  the same time, the corresponding average elec-
tron hopping length ri for the elements of the second 
RCL-circuit, the presence of which accompanies the 
appearance of the negative capacitance effect, is always 
less (r1 = 162.9 nm in the high temperature region and 
r2 = 78.5 nm in the low temperature region). The esti-
mates made indicate that in (FeCоZr)x(Al2O3)1 – x nano-
composites, tunneling ( jumping) in the low tempe
rature region occurs between metallic cores through 
the nearest native oxide shells surrounding them and 
the thinnest interlayers of the Al2O3 dielectric matrix 
(fig. 7, a).

For (FeCоZr)x(PZT)1 – x nanocomposites deposi
ted in Ar – O2 mixture at a partial oxygen pressure 
of PO2

 = 3.0 mPa, at x = 0.52 (in the vicinity of the tou
ching threshold), the average electron hopping length 
ri calculated according to  (1) has a  value of ∼ 4  nm 
(r2 = 4.33 nm and r2 = 3.58 nm when calculated relative 
to R2 and RС 2, RL2 respectively in the low temperature 
region). This estimation indicates that, at low tempera
tures, tunneling ( jumping) is most likely carried out 
between metallic cores through the nearest surrounding 
shells of native semiconducting oxides (fig. 7, b).

Fig. 7. Schematic representation of the morphology  
of the (Fe0.45Cо0.45Zr0.10)0.31(Al2O3)0.69 nanogranular  
composite films, deposited in Ar – O2 mixture (a)  

and (Fe0.45Cо0.45Zr0.10)0.52(PZT)0.48 films, deposited  
in Ar – O2 mixture at PO2

 = 3.0 mPa (b): 
1 – metal cores from FeCoZr alloy;  
2 – Al2O3 or PZT dielectric matrix; 

3 – various oxide phases formed during the chain  
of transformations FeO → Fe3O4 → Fe2O3 around metal cores;  

4 – direction of electron tunneling ( jumping) (red arrows)




