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where the values σL and σH in fig. 1, a, correspond to the low and high frequency plateaus parallel to the fre-
quency axis on the sigmoid-like σ f( ) dependence, and   fmax is the maximum of the corresponding dependence 
α f( ) in the ratio (1). Also the σ T( ) dependence in equation (1) at a constant frequency in the studied tempe
rature range is described by the model of hopping conduction with the constant energy characteristic ∆ E:
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The values of ∆ Ei are determined from the slope of the straight-line sections of Arrhenius dependences (see the 
equation (4)) (fig. 1, b). An examples of the experimental σ f T,( ) and α f( ) dependences are represented in fig. 1. 
The  α f( ) dependences in fig. 1, b, were determined by the geometric differentiation of the σ f( ) curves. These 
dependences allowed the estimating the σL, σH, α f( ),  fmax and ∆ E parameters introduced in equations (1) – (3). 

Note an important feature of our results – the presence of 2-sigmoid-like character of σ f( ) dependences 
(and, correspondingly, the 2-peaks in α f( ) dependences according to the model [12]). This was not observed 
earlier by us, that indicates the impossibility of their study using classical percolation model due to 2-phase 
(heterogeneous) composition of the samples under consideration. 

An analysis of the estimated model parameters of hopping carrier transport in real binary nanogranular com-
posite films (Fe0.45Cо0.45 Zr0.10)x(Al2O3)1 – x deposited in pure argon have shown that the characteristic electron 
lifetime τ on nanoparticles decreases from 12.6 to 1.26 µs with temperature increase in the range 80 K < T < 303 K 
and for full range of х. In this case, the jump probability for binary structure of nanocomposite always corre-
sponds to the ratio p  1 for x < xc, i. e. up to the percolation threshold (dielectric regime of conduction), and 
p → 1 at x > xc (metallic regime). The value of the exponent α in relation (1) is close to 0.8 for Mott mechanism 
of conduction [13] only in composites below the percolation threshold xc.

Low-temperature annealing at Tan = 623 K in air of (Fe0.45Cо0.45 Zr0.10 )x(Al2O3)1 – x films leads to an increase 
in the characteristic electron lifetime τ (fig. 2, a, inset). Thus for x = 0.31 at T = 303 K, value of τ increases from 
1.26 µs before annealing to 6.17 µs after annealing, which correlates with the formation of iron-based semi-
conductor oxide shells covering the nanoparticles cores. In addition, annealing leads to the shift of percolation 
threshold xc ≈ 0.45 to higher values of x (to 0.50) for threshold xc1 when highly-conductive cluster is formed 
due to touching of shells around nanoparticle cores. This behaviour corresponds to the activation nature of the 
admittance, in which the electron hopping probability p increases when phonon energy is higher due to tempe
rature growing (fig. 2, b, inset). At the same time, for x = 0.31 and T = 303 K after annealing at Tan = 623 K, the 
value of the exponent α becomes equal to 0.16, which does not correspond to the value α = 0.8 for the known 
Mott mechanism of conduction on alternating current [13].

As follows from the analysis, in (Fe0.45Cо0.45 Zr0.10 )x(Al2O3)1 – x nanocomposites deposited in Ar – O2 mix-
ture, the electron lifetime on nanoparticles increases in comparison with composites deposited in pure Ar. This 
is due to the formation of semiconducting FeO and Fe3O4 oxide shells around metallic cores during deposition, 

Fig. 1. Examples of the frequency dependence of the real part of the specific admittance σ f( )  
and the exponent α f( )  in relation (1) for the (Fe0.45Cо0.45 Zr0.10 )0.52(PZT)0.48 film 

deposited in Ar – O2 mixture under PO2
 = 2.0 ⋅ 10–3 Pa and T = 223 K (a)  

and Arrhenius curves for  f  = 500 Hz in the region of low T  
for the film (Fe0.45Cо0.45 Zr0.10 )0.31(Al2O3)0.69 deposited in an Ar and annealed at Tan = 623 K (b)


