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Abstract
Granular films containing Fe50Co50Zr10 alloy nanoparticles inside Pb0,81Sr0,04(Na0,5Bi0,5)0,15(Zr0,575Ti0,425)O3 (PZT) 
ferroelectric matrix possess a combination of functional magnetic and electrical properties which can be efficiently 
controlled by means of external electric or magnetic fields. The formation of the required granular structure in PZT 
matrix is only possible if synthesis is carried out in an oxygen-containing atmosphere leading to substantial oxidation 
of metallic nanoparticles. Thus an important task is to study the oxidation degree of metallic nanoparticles depending 
on synthesis conditions and the effect of forming phases on the electrical properties of the films.

The relationship between the structural and phase state and electrical properties of granular FeCoZr)x(PZT)100-x films 
(30 ≤ x ≤ 85 at.%) synthesized in an oxygen-containing atmosphere at the oxygen pressure PO in a range of (2.4–
5.0) · 10–3 Pa has been studied using X-ray diffraction, EXAFS and four-probe electrical resistivity measurement.

Integrated comparative analysis of the structural and phase composition and local atomic order in (FeCoZr)x(PZT)100-x 
films has for the first time shown the fundamental role of oxygen pressure PO during synthesis on nanoparticle oxida-
tion and phase composition. We show that the oxygen pressure being within PO = 3.2 · 10–3 Pa an increase in x leads to 
a transition from nanoparticles of Fe(Co,Zr)O complex oxides to a superposition of complex oxides and a-FeCo(Zr,O) 
ferromagnetic nanoparticles (or their agglomerations). At higher oxygen pressures РО = 5.0 · 10–3 Pa the nanoparticles 
undergo complete oxidation with the formation of the (FexCo1-x)1-δO complex oxide having a Wurtzite structure.

The forming structural and phase composition allows one to explain the observed temperature dependences of the 
electrical resistivity of granular films. These dependences are distinguished by a negative temperature coefficient of 
electrical resistivity over the whole range of film compositions at a high oxygen pressure (РО = 5.0 · 10–3 Pa) and a tran-
sition to a positive temperature coefficient of electrical resistivity at a lower oxygen pressure (РО = 3.2 · 10–3 Pa) in the 
synthesis atmosphere and x > 69 at.% in the films. The transition from a negative to a positive temperature coefficient of 
electrical resistivity which suggests the presence of a metallic contribution to the conductivity is in full agreement with 
the X-ray diffraction and EXAFS data indicating the persistence of unoxidized a-FeCo(Zr,O) ferromagnetic nanopar-
ticles or their agglomerations.
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1. Introduction

Granular metal/dielectric films consisting of metal or al-
loy nanoparticles (Co, FeCo, FeNi etc.) inside a dielectric 
matrix (Al2O3, SiO2) are distinguished by a unique com-
bination of electrical, magnetoresistive, magnetic, opti-
cal and other properties [1–8]. For example they possess 
a high saturation magnetization (MS up to 1800  A · m), 
low room-temperature coercive force (HC  <  4 kA/m), a 
large real part of magnetic permeability m′ (up to 200 at 
frequencies of below 50 MHz) and variable electrical re-
sistivity r over a wide range (10–2–10 Ohm · m). Another 
advantages of granular nanocomposite films, taking into 
account their engineering applications including elec-
tronics, are acceptable mechanical properties and a high 
corrosion resistance.

Practically valuable granular materials include films 
containing Fe50Co50 alloy based nanoparticles inside a 
Pb0,81Sr0,04(Na0,5Bi0,5)0,15(Zr0,575Ti0,425)O3 (PZT) ferro-
electric matrix. The ferroelectric nature of the PZT matrix 
seems to deliver the possibility of controlling the mag-
netic and electrical properties of FeCoZr/PZT films by 
applying either magnetic or electric fields.

Experimental studies [2] provide sound proof of the 
fact that the formation of metal/nonmetal films with a 
granular structure occurs by self-organization of the two 
phases provided these phases are mutually insoluble and 
the systems do not contain chemical compounds and have 
different surface energies. However the whole set of con-
ditions required for the formation of a granular structure 
in the films is not the case for all metal/nonmetal (dielec-
tric) combinations. In other words the use of complex 
oxides like PZT as matrices does not always allow syn-
thesizing films with the required structure by deposition 
in an Ar inert gas atmosphere, even if the composition is 
below the percolation threshold xC. Oxygen addition to 
the synthesis atmosphere is in this case the only experi-
mentally proven possibility to stabilize the nanogranular 
structure of the films due to the formation of nanopar-
ticles with a metallic core/oxide shell structure  [9, 10].

Below we present experimental data on the relation-
ship between the structural and phase state and electrical 
properties of (FeCoZr)x(PZT)100-x films (30 ≤ x ≤ 85 at.%) 
grown in an oxygen containing atmosphere (РO = (2.4–
5.0) · 10-3 Pa). We studied (FeCoZr)x(PZT)100-x films in 
three main composition ranges: below the percolation 
threshold (xFeCoZr < xC, 45 at.%), near xC and beyond the 
percolation threshold (xFeCoZr > xC) [11].

2. Experimental

The 1–3 mm test films were deposited by ion beam 
sputtering at argon partial pressure in the cham-
ber РAr  =  1.1 · 10-1 Pa, a 170 mA plasma flux and a 
~3500  V voltage. The working gas for target sputtering 
was 99.992  % pure argon. The oxygen partial pressure 

was in the range РО = 2.0–5.0 · 10–3 Pa. The substrates 
were made from sitall films and aluminum foil. Before 
the film deposition the targets were sputtered for 30 min. 
Then in order to improve adhesion of the deposited film 
to the substrate the substrate was ion beam cleaned for 
20–30 min. The composite target was in the form of PZT 
wafers placed on a continuous wafer of Fe45Co45Zr10 
at.% metallic alloy. If this design of a target is used for 
sputtering the concentration ratio of the metallic and di-
electric fractions deposited onto the substrate proves to 
be proportional to the ratio of the areas of the metallic 
alloy and the dielectric wafers on the opposite side of the 
target. Thus varying the number of dielectric wafers and 
the distance between them one can change the ratio of the 
volumes of the deposited metallic and dielectric layers 
between ~20 and ~80 at.% in one process cycle [1, 2].

X-ray diffraction analysis of the films deposited onto 
sitall substrates and aluminum foil was conducted on a 
Empyrean PANalytical diffractometer in CuKα charac-
teristic X-ray radiation with a graphite monochromator 
and an X’Celerator linear detector. The X-ray diffraction 
patterns were recorded at a 5 deg incidence angle relative 
to the specimen surface and by scanning in the reflection 
angle range 2Θ = 10–120 deg.

The local neighborhood of the cobalt, iron and zirconi-
um ions in the films was studied by analyzing the X-ray 
near-edge structure (XANES spectroscopy) and the ex-
tended X-ray absorption fine structure (EXAFS). The 
XANES and EXAFS spectra were recorded with the use 
of an ID26 beam of the European Synchrotron Radiation 
Facility (ESRF) and a Petra III accelerator of Deutsches 
Elektronen Synchrotron (DESY). The absorption energy 
determination resolution was ~1.0 eV.

Electrical resistivity measurements were carried out 
with a four-probe potentiometric method at the linear 
section of the voltage-current curve using a High Field 
Measurement System (HFMS), Cryogenic Limited, for 
cryogenic electrical measurements in the 10–300 K ran-
ge. The temperature in the cryostat near the test speci-
men was measured accurate to not worse than 0.001 K. 
The test specimens on sitall substrates were 2 mm wide 
and 10 mm in length, with indium Ohmic contacts ul-
trasonically soldered at the edges. The contact spacing 
was 7 ± 0.5  mm. The DC source and voltage meter was 
Keithley’s Sub-Femtoamp Remote SourceMeter 6430 
allowing high precision resistivity measurements in the 
range from 100 mOhm to 20 GOhm.

3. Results and discussion

3.1. X-ray structural analysis

Figure 1 shows X-ray diffraction patterns of the 
(FeCoZr)x(PZT)100-x films (35 ≤ x ≤ 81 at.%) synthesized 
in an oxygen-containing atmosphere at two oxygen pres-
sures  (РO  =  2.4 · 10–3 and 3.7 · 10–3 Pa) on aluminum 
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foil substrates. The diffraction line seen in X-ray pat-
terns  3–6 at 2Q = 44.2–44.4 deg can be identified as the 
(110) plane reflection of the bcc lattice of a-FeCo(Zr,O) 
alloy [9, 12]. The intensity of this line is negligible for 
the (FeCoZr)35(PZT)65 film and increases gradually with 
an increase in x. This reflection line is heavily broad-
ened, D(2Q) = 6.0 deg, due to the nanoscale size of the 
particles. All the X-ray patterns exhibit a broadened line 
at low reflection angles corresponding to a superimpo-
sition of the contributions from the PZT matrix [13] and 
iron oxides and/or cobalt ferrites [14, 15]. Comparison 
of X-ray patterns 1 and 6 in Fig. 1 c suggests that an 
increase in x leads to a shift of this line towards higher 
reflection angles 2Q. This trend indicates an increase in 
the content of oxidized nanoparticles in the films (the 
presence of iron oxides and/or cobalt ferrites) and a  de-
crease in the contribution from the PZT matrix. The de-

crease in the intensity of the lines for the PZT matrix 
and the increase in the intensity of the a-FeCo(Zr,O) 
lines with an increase in x are in full agreement with 
the change in the relation between the contents of the 
metallic and nonmetallic fractions in the films. The nar-
row reflections seen in the X-ray patterns at high reflec-
tion angles pertain to the aluminum substrate (Fig. 1, 
Curve  11).

X-ray patterns 7–10 (Fig. 1) for the FeCoZr-
PZT films synthesized at a higher oxygen pressure 
(РO  =  3.7 · 10–3  Pa) exhibits one dominating reflection 
at 2Q ≈ 33 deg which is close to that of iron oxides [14]. 
However the (110) diffraction line of a-FeCo(Zr,O) is 
completely absent. This latter fact supports the assumption 
of the complete oxidation of FeCoZr metallic granules in 
the films during deposition in an oxygen-containing at-
mosphere at РO = 3.7 · 10–3 Pa. Taking this conclusion 
into account one should note the good coincidence be-
tween the positions of the lines for completely oxidized 
FeCoZr nanoparticles in the X-ray diffraction patterns of 
the (FeCoZr)81(PZT)19, films deposited at two different 
oxygen pressures РO = 2.4 · 10–3 and 3.7 · 10–3 Pa.

3.2. Local neighborhood of iron and cobalt ions 
in  oxidized FeCoZr-PZT films 

For a more complete understanding of the experimental 
results we present below a detailed analysis of the short-
range order in the oxidized (FeCoZr)x(PZT)100-x films 
as studied using Fe-, Co- and Zr-EXAFS spectroscopy. 
Fig.  2 shows typical EXAFS function modules after Fou-
rier transformation for iron and cobalt taken from the most 
typical films with the compositions (FeCoZr)50(PZT)50 
and (FeCoZr)79(PZT)21 (РО = 2.4 · 10–3 Pa) synthesized 
in an Ar + O2 atmosphere on aluminum foil substrates, 
for the (FeCoZr)56(PZT)44 and (FeCoZr)84(PZT)16 films 
(РО = 3.2 · 10-3 Pa) and for the (FeCoZr)56(PZT)44 film 
(РО = 5.0 · 10-3 Pa) deposited onto sitall substrates. For 
identification of the closest neighborhood of the iron and 
cobalt ions Fig. 2 also presents curves that are typical of 
the reference FeCoZr alloy film and the crystalline CoO, 
FeO and g-Fe2O3 reference specimens.

As can be seen from Fig. 2 a for almost all the film 
compositions and PO regardless of substrate type, iron 
ions are surrounded by oxygen ions. The only exclusion 
is the oxidized film with the highest experimental  x, 
i.e., (FeCoZr)84(PZT)16, on a sitall substrate deposited 
at PO  =  3.2 · 10–3 Pa. There the iron ions and the cobalt 
ions are surrounded by metallic ions. On the contrary, 
most of the cobalt ions have metallic neighbors. As fol-
lows from the values of R for the cobalt absorption line 
peaks the oxygen ions are their closest neighbors only in 
films with compositions close to the percolation threshold 
xC ((FeCoZr)50(PZT)50) deposited at PO = 2.4 · 10–3 Pa.

One should specially mention the oxidized 
(FeCoZr)56(PZT)44 film deposited at PO = 5.0 · 10–3 Pa. 
In this film the local neighborhood of iron and cobalt ions 

Figure 1. Typical experimental X-ray patterns (dots) and 
Rietweld approximations (solid line) for (FeCoZr)x(PZT)100-x 
films (35 ≤ x ≤ 81 at.% synthesized in an Ar + O2 atmosphere 
on aluminum foil substrates: (1) (FeCoZr)35(PZT)65, РO = 
2.4 · 10–3 Pa; (2) (FeCoZr)50(PZT)50, РO = 2.4 · 10–3 Pa; (3) 
(FeCoZr)63(PZT)37, РO = 2.4 · 10–3 Pa; (4) (FeCoZr)67(PZT)33, 
РO = 2.4 · 10–3 Pa; (5) (FeCoZr)77(PZT)23, РO = 2.4 · 10–3 Pa; (6) 
(FeCoZr)81(PZT)19, РO = 2.4 · 10–3 Pa; (7) (FeCoZr)50(PZT)50, 
РO = 3.7 · 10–3 Pa; (8) (FeCoZr)67(PZT)33, РO = 3.7 · 10–3 Pa; (9) 
(FeCoZr)77(PZT)23, РO = 3.7 · 10–3 Pa; (10) (FeCoZr)81(PZT)19, 
РO = 3.7 · 10-3 Pa; (11) aluminum foil.
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consists of oxygen ions, i.e., the nanoparticles are com-
pletely oxidized.

The local oxygen ion neighborhood of iron and co-
balt ions at x ≈ xC ((FeCoZr)50(PZT)50) correlates well 
with the absence (or a but minor contribution) of the 
X-ray reflection line for the a-FeCo(Zr,O) alloy (Fig. 1, 
Curves 1 and 2). This suggests an almost complete ox-
idation of the FeCoZr nanoparticles in the films having 
pre-percolation compositions. Beyond the percolation 
threshold the local neighborhood of the iron ions is typ-
ical of its oxides whereas the cobalt ions haven metallic 
neighbors (Fig. 2  a and b for the (FeCoZr)79(PZT)21) 
film. Taking into account the intense reflection line of the 
a-FeCo(Zr,O) alloy in the X-ray diffraction patterns of the 
(FeCoZr)77(PZT)23 and (FeCoZr)81(PZT)19 films (Fig.  1, 
Curves 5 and 6), the difference in the local neighborhood 
of iron and cobalt can be attributed to the simultaneous 
presence of the a-FeCo(Zr,O) cobalt-rich metallic alloy 
and disordered iron oxides. This selective oxidation was 
discussed in detail earlier for oxidized FeCoZr–Al2O3 
films [16, 17].

By and large the evolution of the structural and 
phase composition, more specifically, the oxidation of 
nanoparticles at different oxygen pressures PO depending 
on the contribution from the metallic fraction x, can be 
accounted for as follows. According to Mossbauer data 
on granular nanocomposites [10, 17, 18], at the lowest 
oxygen pressure in the chamber during film deposi-
tion (РО = (2.4–3.2) · 10–3 Pa) and x < 67 at.% the films 
usually contain superparamagnetic nanopartciles of 
the Fe3+(Co,Zr)O complex oxide (based on maghemite 
g-Fe2O3 or magnetite Fe3O4) and Fe2+(Co,Zr)O (based 
on wustite Fe1-δO or (FexCo1-x)1-δO complex oxide). 
The films with х ≥ 67 at.% also exhibit the formation of 
a-FeCo(Zr,О) ferromagnetic nanoparticles or their ferro-
magnetically interacting agglomerations whose contri-
bution increases with x. With an increase in the oxygen 
pressure (РО = (3.7÷5.0) · 10-3 Pa) during the synthesis, 
only superparamagnetic particles of the Fe3+(Co,Zr)O 
complex oxide form over the whole range of experimen-
tal compositions [10, 17–19].

Figure 2. EXAFS function modules after Fourier transformation for absorption K edge of (a) iron and (b) cobalt for the FeCoZr 
alloy reference film and the oxidized films: (FeCoZr)50(PZT)50 and (FeCoZr)79(PZT)21 on an Al substrate (PO = 2.4 · 10–3 Pa), 
(FeCoZr)56(PZT)44 and (FeCoZr)84(PZT)16 on a sitall substrate (PO = 3.2 · 10–3 Pa), and (FeCoZr)56(PZT)44 on a sitall substrate 
(PO  = 5.0 · 10–3 Pa), and CoO, FeO and g-Fe2O3 reference crystalline specimens.
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3.3. Thermal and field dependences of electrical 
resistivity of oxidized FeCoZr-PZT films

Typical thermal dependences of the electrical resis-
tivity of oxidized FeCoZr-PZT films synthesized at 
РO  =  3.2 · 10–3 and 5.0 · 10–3 Pa are shown in Figs. 3 
and  4. For films synthesized at lower oxygen pressures 
the curves exhibit a negative thermal coefficient of elec-
trical resistivity for compositions with x < xC. This is also 
the case for the films with compositions beyond the per-
colation threshold at temperatures of below ≈ 100 K. This 
fact may indicate an activation mechanism of electrical 
conductivity in the test films.

However the experimentally observed curves cannot 
be approximated by a linear function in Mott’s (Т–0.25) or 
Shelovskoi–Efros’ (Т–0.5) coordinates and hence there is a 
more complex electrical conductivity mechanism in films 
with PZT matrix as compared with granular films of close 
compositions [11, 12, 20–24]. The thermal dependences 
of the electrical resistivity of the oxidized FeCoZr-PZT 
films with x > xC exhibit an abrupt transition to a positive 
thermal coefficient of electrical resistivity at above 100 
K which testifies to the presence of a contribution from 
metallic conductivity. Furthermore as can be seen from 
Fig. 3 the change in the sign of the thermal coefficient 
of electrical resistivity occurs for the (FeCoZr)69(PZT)31 

and (FeCoZr)85(PZT)15 films that exhibit an abrupt drop 
in the electrical conductivity in comparison with the 
(FeCoZr)40(PZT)60 and (FeCoZr)54(PZT)46 films. With 
an increase in the oxygen pressure during the synthesis 
the thermal curves exhibit positive thermal coefficients of 
electrical resistivity over the entire range of experimental 
compositions (Fig. 4). An increase in x is accompanied 
by a growth in the electrical conductivity, though less 
expressed as for less oxidized FeCoZr-PZT films dis-
cussed above (Fig. 3). The this specific behavior seems 
to originate from the complete oxidation of the nanopar-
ticles as confirmed by EXAFS spectroscopy (Fig. 2) and 
Mossbauer spectroscopy data [10, 17, 18].

4. Conclusion

X-ray structural data showed that (FeCoZr)x(PZT)100-x 
films synthesized at РO = 2.4 · 10–3 Pa contain completely 
oxidized nanopartciles for the compositions x < 50 at.% 
and a combination of unoxidized a-FeCo(Zr,O) 
nanoparticles with completely oxidized nanoparticles 
for the compositions x > 50 at.%. Films deposited at 
РO  =  3.7 · 10–3  Pa contain only completely oxidized 
nanopartciles over the whole experimental composition 
range. Extended X-ray absorption fine structure spectros-

Figure 3. Thermal coefficients of electrical resistivity of oxidized films: (a) (FeCoZr)40(PZT)60, (b) (FeCoZr)54(PZT)46, 
(c)  (FeCoZr)69(PZT)31 and (d) (FeCoZr)85(PZT)15 synthesized at РО = 3.2 · 10-3 Pa
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copy of iron and cobalt in (FeCoZr)x(PZT)100-x films oxi-
dized at PO = 2.4 · 10–3 Pa showed that at x ≈ xC the local 
neighborhood of iron and cobalt ions corresponds to that 
for almost completely oxidized FeCoZr nanoparticles 
whereas at x > xC it suggests the simultaneous presence of 
a-FeCo(Zr,O) cobalt-rich metallic alloy and iron oxides. 
The change in the position of the iron and cobalt EXAFS 
peaks after Fourier transformation for the FeCoZr-PZT 
films oxidized at PO = 3.2 · 10–3 Pa suggests a transition 
of the local neighborhood of the iron ions from an ox-
ide-typical one to a metallic one with an increase in x. 
The local neighborhood of cobalt is in this case typically 
metallic for all the experimental compositions. For the 
highest oxygen pressure (PO = 5.0 · 10–3 Pa) during film 
synthesis the local neighborhood of the iron and cobalt 
ions consists of oxygen ions and this suggests the com-
plete oxidation of the nanoparticles.

The thermal dependences of electrical resistiv-
ity of the oxidized (FeCoZr)x(PZT)100-x films with 
40 at.% ≤ x < 85 at.% synthesized at РO = 3.2 · 10–3  Pa 
suggest a negative thermal coefficient of electrical 
resistivity at 2–300 K for x ≤ 54 at.% and a change 
in the sign of the thermal coefficient of electrical re-
sistivity to positive at 100–300 K for x ≥ 69 at.%. 
The observed transition from a negative to a positive 

thermal coefficient of electrical resistivity can be ac-
counted for by a change in the phase composition, e.g. 
by the oxidation degree of the FeCoZr nanoparticles. 
For example at compositions below the percolation 
threshold (at  x  ≥  69  at.%) the films usually contain 
Fe2+Fe3+(Co,Zr)O complex oxidesnanoparticles whereas 
at higher x they exhibit the formation of Fe2+Fe3+(Co,Zr)
O complex oxides and a-FeCo(Zr,О) ferromagnetic 
nanoparticles that provide for the metallic conductivity 
mechanism.

For the (FeCoZr)x(PZT)100-x films synthesized at high-
er oxygen pressures РO = 5.0 · 10–3 Pa the sign of the ther-
mal coefficient of electrical resistivity is negative over the 
whole experimental concentration range due to the com-
plete oxidation of the nanopartciles and the formation of 
the Fe2+Fe3+(Co,Zr)O complex oxides.
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Figure 4. Thermal coefficients of electrical resistivity of oxidized films: (a) (FeCoZr)30 (PZT)60, (b) (FeCoZr)50(PZT)50, 
(c)  (FeCoZr)64(PZT)36 and (d) (FeCoZr)81(PZT)19 synthesized at РО = 5.0 · 10-3 Pa
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