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After annealing in air of this type of samples with x < xc1, the energy characteristics slightly decrease 
compared to unannealed samples (for example, for x = 0.31 at  f  = 500 kHz, after annealing the value of ∆ E2 
is lowered from 40.6 to 36.5 meV). However, we still do not observe significant contribution to the NCE. 
We should note that with further increase in oxygen content in the vacuum chamber atmosphere during 
(Fe0.45Cо0.45 Zr0.10 )x(Al2O3)1 – x nanocomposites deposition, which is resulted in the enhancement of the NCE, 
the energy characteristics are always lowered (fig. 4, b).

Here we need to do an important clarification why the NCE is observed in samples with those x, T and  f 
values when formally ∆ Ei < kT. In the framework of hopping conductivity model [12] to ensure phase delay 
of electrons ( just resulting in NCE) hopping between potential wells is realised only under subjection of both 
electric field and phonon energies, i. e. in reality at ∆ Ei ≥ kT.

As was shown earlier in [16], we observed close behaviour of the energy characteristics of composites 
(Fe0.45Cо0.45 Zr0.10 )x(Al2O3)1 – x and (Fe0.45Cо0.45 Zr0.10 )x(PZT)1 – x extracted from temperature dependences of 
active Ri and reactive RСi, RLi elements in their equivalent substitution circuits. 

Annealing in air of (Fe0.45Cо0.45 Zr0.10 )x(Al2O3)1 – x nanocomposites deposited in an Ar – O2 mixture at tem-
peratures up to Tan = 873 K results to the increase the energy characteristics ∆ Ei due to the growth of the di
electric oxide Fe2O3 contribution to the conductivity of the samples (fig. 5, a). However, in those regions of x 
where the NCE persists, the values of ∆ Ei are still smaller than in regions where it is not observed (for example, 
after annealing at Tan = 623 K for composite with x = 0.50 at  f  = 1 MHz, we have that ∆ E1 = 15.0 meV is less 
than ∆ E2 = 31.4 meV in the region of low and high temperatures, respectively). It is important to note that 
after high temperature annealing the region of x, where positive phase shift (with inductive-like behaviour of 
nanocomposites) expands, so that the energy characteristics ∆ Ei decrease over the entire range of x studied. 

In (Fe0.45Cо0.45 Zr0.10 )x(PZT)1 – x nanocomposites deposited in Ar – O2 mixture at various oxygen partial pres-
sures, the relationship between the phase shift angles θ and the energy characteristics ∆ Ei is similar to the pre-
vious case (fig. 5, b): when the NCE occurs, the energy characteristics are also always less than in the region 
where it is absent.

Annealing of this type nanocomposites in air up to Tan = 598 K does not significantly affect the nature of the 
temperature dependences of the admittance, since their morphology does not change after this heat treatment 
(for example, in the samples with x = 0.52 deposited at PO2

 = 2.0 ⋅ 10–3 Pa, the energy characteristics ∆ E2 at 
f  = 1 kHz were 151 meV in the case of annealing at Tan = 598 K and 154 meV before it).

Conclusions
There were estimated the model parameters of hopping carrier transport (electron lifetime on nanoparticles τ, 

energy characteristics ∆ Ei and hopping probability p, etc.) in nanogranular (Fe0.45Cо0.45 Zr0.10 )x(Al2O3)1 – x and 
(Fe0.45Cо0.45 Zr0.10 )x(PZT)1 – x composite films with different morphology of nanoparticles. It is shown that τ, 

Fig. 5. Frequency dependences of the energy characteristics in the region  
of high and low temperatures for the (Fe0.45Cо0.45 Zr0.10 )0.50(Al2O3)0.50 film deposited  
in an Ar – O2 mixture (without annealing and at Tan = 623 K) (a) and the phase angle  

for the (Fe0.45Cо0.45 Zr0.10 )0.52(PZT)0.48 film deposited in an Ar – O2 mixture at PO2
 = 3.0 ⋅ 10–3 Pa  

at different temperatures (1 – 80 K, 2 – 123 K, 3 – 173 K, 4 – 223 K, 5 – 273 K, 6 – 303 K)  
with the corresponding energy characteristics (b)


