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which also introduces significant changes in the behaviour of σ x( ) curves. Instead of one critical value (per-
colation threshold хс ) in Ar deposited metal-dielectric films, the addition of oxygen to the vacuum chamber at-
mosphere is accompanied by the appearance of two critical values of nanoparticles’ concentrations – touching 
threshold (хс1) and conducting cluster formation threshold (хс2 ) (in contrast to a single percolation threshold хс 
in the theory for binary metal-dielectric composites [15]). The хс1 is the concentration when some of nanoparticles 
inside the dielectric matrix begin to touch each other by shells to form continuous core – shell cluster with high 
current conductivity between electrodes in the composite sample. Since the conductivity of such a core – shell 
cluster is always less than the conductivity of only metallic nanoparticles, as in binary composites, we intro-
duce another threshold concentration хс2 when the metallic cores of nanoparticles begin to touch each other 
because the amount of oxygen becomes insufficient to form native oxides (FeO, Fe3O4, Fe2O3, CoO) which 
are formed in the shell around the metal cores of the FeCоZr alloy in the sequence FeO → Fe3O4 → Fe2O3 and 
should prevent the direct contact between metallic cores.

The formation of FeO and Fe3O4 semiconducting oxides at the initial stages of core formation increases the 
lifetime (up to τ ∼ 10– 4 s), which leads to a positive phase shift of current relative to bias voltage applied for 
concentrations x < xc1. 

Higher temperature post-annealing in air of (Fe0.45Cо0.45 Zr0.10 )x(Al2O3)1 – x films (up to Tan = 873 K) leads to 
a further increase in the electron lifetime (fig. 3, a) compared to unannealed samples. This is due to additional 
oxidation of the metal cores with an increase in the proportion of semiconductor oxide phases FeO, Fe3O4 in 
nanoparticles, which further enhances the positive phase shift.

All nanocomposites of the (Fe0.45Cо0.45 Zr0.10 )x(PZT)1 – x type were deposited in Ar – O2 mixtures. At low partial 
pressure of oxygen (PO2

 = 2.0 ⋅ 10–3 Pa) the characteristic lifetime of an electron on nanoparticles is about τ ∼ 10–5 s, 
which is insufficient for the existence of the NCE in a wide range of temperatures and frequencies, since for these 
values of τ the necessary phase delay of the electric current from the applied voltage is not observed. The jump 
probability in this type of nanocomposites is much lower than in (Fe0.45Cо0.45 Zr0.10 )x(Al2O3)1 – x samples, which 
is associated with a low probability of dipole formation caused by a significantly higher permittivity of the PZT 
matrix and, as a consequence, an increase in the energy required for this process.

An increase in the oxygen pressure in the deposition atmosphere leads to an increase in τ values. For example, 
for x = 0.64 at T = 223 K, the value of τ increased from 6.57 µs (for the sample deposited at PO2

 = 2.0 ⋅ 10–3 Pa) 
to 79.8 µs (for a sample deposited at PO2

 = 3.0 ⋅ 10–3 Pa). We associate this effect with an increase in the pro-
portion of native iron oxides, including semiconductor FeO and Fe3O4, around metal cores, which leads to an 
increase in the positive phase shift, that is most pronounced in the vicinity of xc1.

Additional annealing in air leads to a slight change in the characteristic electron lifetime (fig. 3, b), which 
does not depend on the partial pressure of oxygen PO2

 and only reflects the growth of the amount (and the size) 

Fig. 2. Frequency dependences of the exponent α f( ) in relation (1) (a) and the real part  
of the specific admittance σ f T,( ) (b) for the (Fe0.45Cо0.45 Zr0.10 )0.31(Al2O3)0.69  

film deposited in an Ar and annealed at Tan = 623 K  
for various temperatures: 80 K (1), 123 K (2), 173 K (3), 223 K (4), 273 K (5), 303 K (6 ).  

The insets show the temperature dependences of the characteristic lifetime  
of an electron on nanoparticles (a) and the probability of jumping between them (b)


