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Paper reports the results of X-ray di�raction, X-ray absorption spectroscopy and the Mössbauer spectroscopy
of metal�insulator �lms sintered in Ar+O atmosphere evidencing the di�erence in oxidation of FeCoZr nanoparticles
embedded into Al2O3 and Pb(ZrTi)O3 matrixes. It is proved that Al2O3 matrix with high resistance to oxidation
favors the formation of nanoparticles with �metal core�oxide shell� structure, while fully oxidized nanoparticles are
observed inside Pb(ZrTi)O3 matrix.
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1. Introduction

Synthesis of nanoparticles (NPs) with �metallic core�
oxide shell� structure in nanocomposite metal�insulator
�lms (Mx�I100−x, 20 < x < 80 at.%) is an e�ective tech-
nique to stabilize their granular structure at x > 50, i.e.
to keep well-separated NPs, because oxide shells impede
agglomeration of metallic cores and increase homogeneity
of their size distribution [1]. Besides, oxidation of metal-
lic cores increases electrical resistance of �lms [1] and en-
hances the e�ect of negative capacitance at room temper-
ature [2], which is favorable for designing new electronic
devices for high-frequency applications. This is particu-
larly important for current e�orts towards elaboration of
planar noncoil-like inductances fully compatible with mi-
croelectronic silicon planar technology. Technologically,
�core�shell� NPs, for example, in Al2O3 matrix could be
quite easily sintered by ion-beam sputtering of �lms in
mixed Ar+O2 atmosphere [1]. There also appears to be
a relationship between the chemical composition of insu-
lating matrix (I) in �lms and agglomeration of metallic
NPs inside this matrix [3]. Consequently, this presumes
that the formation of NPs with �core�shell� structure also
depends on matrix material because it governs e�ciency
and kinetics of NPs oxidation.
This paper is focused on the comparative analysis of

the nearest neighbor environments of Fe, Co, and Zr
atoms in NPs embedded into Al2O3 and Pb(ZrTi)O3

(PZT) matrixes in order to elucidate the impact of ma-
trix on the formation of NPs with �core�shell� structure.

2. Experimental

The �lms (FeCoZr)x(I)100−x (31 ≤ x ≤ 64 at.%),
where I = Al2O3 or PZT were deposited by dc ion sput-
tering in mixed Ar+O atmosphere (PO = 4.2× 10−3 Pa
and 3.7×10−3 Pa for I = Al2O3 and Pb(ZrTi)O3, respec-
tively) to a thickness 1�4 µm onto Al substrate. Sputter-
ing targets were composed of Fe45Co45Zr10 alloy plates,
covered with strips of insulator (Al2O3 and PbZrTiO3)
that were located on top. Details of deposition experi-
ment are considered in [4].

X-ray di�raction (XRD) patterns are collected with an
Empyrean PANalytical di�ractometer using a di�racted
beam graphite monochromator and an X'Celerator lin-
ear detector (Cu Kα radiation) at the grazing incidence
of 5 degree with respect to the sample surface. The data
obtained were analyzed using the pro�le �tting program
FullProf. X-ray absorption spectroscopy in the extended
X-ray absorption �ne structure (EXAFS) range measure-
ments are performed at beam line ID26 of the European
Synchrotron Radiation Facility using high-energy reso-
lution �uorescence detection (HERFD). The absorption
pro�les were detected at Fe and Co K-edges probing in-
tensity of respective Kα1

�uorescence decay. EXAFS
spectra are analyzed using Viper package. The 57Fe
transmission Mössbauer spectroscopy measurements are
recorded using a conventional constant acceleration type
spectrometer with a 40 mCi 57Co in Rh source at the
room temperature.

3. Results and discussion

Images of transmission electron microscopy obtained
on granular (FeCoZr)x(Al2O3)100−x �lms and published
in [1] con�rm that due to the sputtering in Ar+O at-
mosphere �core�shell� NPs are formed. This is addition-
ally supported by magnetometry and Mössbauer spec-
troscopy evidencing superparamagnetic state of NPs, i.e.
absence of their agglomeration at x ≤ 59. The re-
�nement of XRD patterns for (FeCoZr)x(Al2O3)100−x
(see Fig. 1 and also XRD patterns in [1]) shows that at
x ≤ 56 �lms contain α-FeCo(Zr,O) phase (lattice pa-
rameter a = 0.286(1)) assigned to non-oxidized crys-
talline core and amorphous oxides that correspond to
shell of NPs. The latter is visible as a hump at 2Θ ≈ 33
degrees on the XRD pattern which could be identi�ed
either as magnetite Fe3O4 or/and ferrite CoFe2O4 al-
though full coincidence is not seen. Contrary, analysis of
phase composition of (FeCoZr)56(PZT)44 �lm reveals full
oxidation of NPs at even slightly lower PO (see Fig. 1).
It is noteworthy that similar phase composition indi-
cating fully oxidized NPs is observed on XRD patterns
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Fig. 1. Selected XRD patterns of (FeCoZr)�I �lms sin-
tered in Ar+O atmosphere.

of �lms (FeCoZr)x(PZT)100−x for all studied x values
(31 ≤ x ≤ 64 at.%).

Analysis of EXAFS spectra provides deeper insight
into the local coordination of Fe and Co ions in NPs. The
Fourier transforms of �ne structure oscillations extracted
from post-edge spectra are shown in Fig. 2. Basing on
the comparison of EXAFS oscillations for Fe and Co in
(FeCoZr)x(Al2O3)100−x �lms where local environment is
predominantly oxide-like for Fe and bcc metal-like for
Co, selective oxidation of NPs was reported earlier [1].
At the same time, maxima of oscillations with the high-
est intensity for Fe and Co in (FeCoZr)x(PZT)100−x �lms
reveal that local coordination is rather oxide-like in both
cases. This observation well correlates with XRD re-
sults evidencing no visible contribution of non-oxidized
α-FeCo(Zr,O) cores when NPs are embedded into PZT
matrix. It is noteworthy that generally Zr is found to be
in fully oxidized state both in Al2O3 and PZT matrixes
that is assigned to the highest Zr a�nity to oxygen as
compared to Fe and Co.

The Mössbauer spectra of (FeCoZr)x(Al2O3)100−x and
(FeCoZr)x(PZT)100−x �lms, sintered in Ar+O atmo-
sphere are presented in Fig. 3. They well illustrate the
change of local Fe states with varying x and due to
sequential oxidation of NPs. Fitting of the spectra of
(FeCoZr)x(Al2O3)100−x �lms shows domination of ox-
ide fractions Fe2+ (δ ≈ 0.95 mm/s, ∆ ≈ 1.8 mm/s)
and Fe3+ (δ ≈ 0.4 mm/s, ∆ ≈ 0.9 mm/s). Basing on
XRD results Fe2+ oxide is assigned to (FexCo1−x)1−δO
phase [1]. At the same time on spectra for �lms with
x ≤ 54 contribution up to 20% of α-FeCo(Zr,O) cores
with δ ≈ 0.10 mm/s and ∆ ≈ 0.4 mm/s could be ex-
tracted that well correlates with XRD results. Com-
plimentary consideration of the Mössbauer spectroscopy
and XRD results with the selective oxidation of Fe and
Co indicated by EXAFS [1] shows that for x ≤ 56 the
metallic core constitutes α-FeCo(Zr,O), possibly enriched

Fig. 2. Fourier transform of the EXAFS oscillations
extracted from Fe (a) and Co (b) K-edge spectra.
First maxima corresponding to metal (M�M) and ox-
ide (M�O) local environment are marked with solid and
dashed lines, respectively. Spectra are shifted vertically
for clarity.

Fig. 3. The �tted 57Fe Mössbauer spectra of
(FeCoZr)x(Al2O3)100−x (a) and (FeCoZr)x(PZT)100−x

(b) �lms at RT. Black lines denote the best �ts and
the colored lines represent the contributions from the
subspectra.

with Co, while oxide shell mainly consists of mixed Fe-
-rich oxides.
The Mössbauer spectra of (FeCoZr)x(PZT)100−x �lms

are well approximated with only one subspectrum char-
acteristic to Fe3+ oxide (δ ≈ 0.3 mm/s, ∆ ≈ 1.0 mm/s).
In so doing, the Mössbauer spectroscopy analysis of local
Fe surrounding in NPs embedded into Al2O3 and PZT
matrixes con�rms much more pronounced oxidation of
NPs in the latter case, which strongly supports XRD
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and EXAFS results. Assuming the di�erence in chemi-
cal stability and oxidation resistance of Al2O3 and PZT
matrixes one could assume that just their chemical prop-
erties explain the di�erence of oxidation e�ciency of NPs.
Namely, Al2O3, as opposed to PZT is characterized with
very high resistance to oxidation [4]. Thereby immediate
encapsulation of α-FeCo(Zr,O) NPs inside alumina ma-
trix at early stages of deposition at x < 59 results just in
surface oxidation and formation of �α-FeCo(Zr,O) core�
shell� NPs while further oxidation is decelerated. At the
same time, full oxidation of NPs embedded into PZT ma-
trix is unfavorable for the formation of �α-FeCo(Zr,O)
core�oxide shell� NPs.

4. Conclusions

For the �rst time comparative analysis of local atomic
order in α-FeCo(Zr,O) NPs embedded into two dif-
ferent matrixes � Al2O3 and PZT, reveal crucial
role of their chemical inertness and resistance to ox-
idation in the formation of �metal core�oxide shell�
structure. Taking account of TEM images of �core�
shell� NPs in (FeCoZr)x(Al2O3)100−x �lms, non-oxidized
α-FeCo(Zr,O) contribution in the re�ned XRD patterns
and �tted Mössbauer spectra as well as purely metallic
Co surrounding de�nitely reveal that cores contain Co-
-enriched metallic alloy surrounded by amorphous Fe2+,
Fe3+-oxide shells. Phase composition and local Fe and Co
states in NPs embedded into PZT matrix evidences full
oxidation of NPs and �metal core�oxide shell� structure
is not formed. In so doing, chemical inertness and corro-
sion resistance of Al2O3 makes it more advantageous for
synthesis of stabilized nanocomposite granular �lms for
high-frequency applications.
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