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The paper reports on a comparative study of local Fe states, phase composition and magnetoresistivity of
granular nanocomposite films FeCoZr–CaF2 sintered in pure Ar and Ar + O sputtering atmosphere. For the
first time peculiarities of temperature and magnetic field dependencies of magnetoresistance are ana-
lyzed with respect to partial oxidation of nanoparticles and perpendicular magnetic shape anisotropy.
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1. Introduction resulted in the increase of negative MR [3]. In so doing, study of
The requirements to modern materials that are prospective for
magnetoelectronic devices operating at frequencies up to GHz
range include high saturation magnetization and electrical resistiv-
ity, high permeability and low magnetic losses combined with
technological possibility to form miniature devices. Recent experi-
ments have proven that granular nanocomposite metal-dielectric
films, where Fe, Co-based nanoparticles (3–10 nm) are dispersed
inside insulating matrixes (Al2O3, SiO2, etc.), fully satisfy these
requirements [1,2]. Granular films containing soft FeCo(B, Si)-
based nanoparticles showed high magnetization, permeability
and electrical resistivity and also its relatively high sensitivity to
external magnetic field H. The highest negative tunneling mag-
netoresistive effect (MR) was observed in Co-MgF2 granular films
and reached 25% at H = 10 kOe and T = 5 K [2].

The direction of further improvement of properties of the films
is related to application of oxygen-free matrices, like CaF2, MgF2, in
granular films that should prevent undesirable oxidation of metal-
lic nanoparticles. On the other hand, it is proven experimentally
that the formation of nanoparticles with ‘‘metal core – oxide shell’’
structure during sputtering of films in mixed Ar + O2 atmosphere
phase composition, Fe local states and magnetoresistivity of
FeCoZr–CaF2 granular films with tailored composition should elu-
cidate the effect of oxygen containing atmosphere on the con-
trolled variation of structure and magnetotransport properties of
films.
2. Experimental

Granular films (Fe45Co45Zr10)x(CaF2)100�x, 16 at.% 6 x 6 75 at.% of 1–6 lm thick-
ness were deposited by ion-beam sputtering of complex target in Ar and Ar + O2

atmospheres (PO = 4.3 and 9.8 mPa) on glass–ceramic and Al substrate. Phase
composition and structure of films was analyzed by Empyrean PANalytical diffrac-
tometer using Cu Ka radiation and a graphite monochromator at the diffracted
beam at the grazing incidence angle of 5�. Local Fe states were analyzed by trans-
mission 57Fe Mössbauer spectroscopy with 57Co/Rh source. Field and temperature
dependences of electrical resistance R(H, T) were measured by two-probe method
using High Field Measurement System in the magnetic field H up to 80 kOe and
temperature range T = 10–300 K.
3. Results and discussion

XRD patterns of (FeCoZr)[(CaF2)100�[ (29 6 [ 6 73 at.%) granular
films deposited in Ar atmosphere (PO = 0) on Al substrates are pre-
sented in Fig. 1a. One should note broad reflections from fcc CaF2

matrix (a = 5.48–5.52 Å) and bcc a-Fe(Co) alloy (a = 2.86–2.95 Å)
phases as well as some much sharper reflections arising from Al
substrate. Reflections from several crystallographic planes appear
for films with lowest [ and with highest x, respectively for CaF2
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Fig. 1. Selected XRD patterns of (FeCoZr)[(CaF2)100�[ (29 6 [ 6 73 at.%) granular films sintered in Ar (a) and Ar + O2 (b) atmospheres.
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and for a-Fe(Co) structures, indicating relatively higher degree of
crystallinity of these phases in corresponding composition ranges.

A closer inspection of XRD patterns for films with [ = 44–65 at.%
shows coexistence of two bcc a-Fe(Co) type phases with overlap-
ping peaks, one with much sharper lines and unit cell parameter
values expected for non-oxidized alloy [3] and the other one with
much broader peaks, noticeably larger unit cell parameter and its
amount decreasing with increasing x. Such a diversification of
the a-Fe(Co) nanograins occurs the most probably due to forma-
tion of a less crystallized outer shell with slightly increased a
parameter and practically stoichiometric, better crystallized core
of the nanograin.

Selected XRD patterns of granular films sintered in Ar + O2

atmosphere at PO = 4.3 mPa (see Fig. 1b, upper panel) show few
broad reflections corresponding to CaF2 matrix and a-Fe(Co) nano-
particles. Additional broad reflection around 2h = 33–34� is
assigned to Fe3O4 or a-Fe2O3 phases. Further increase of partial
oxygen pressure up to PO = 9.8 mPa resulted in the formation of
crystalline fcc CoO (FeO) (a = 4.26–4.31 Å) phase (see Fig. 1b, lower
panel). No evidence of a-Fe(Co) phase was found in the corre-
sponding patterns confirming full oxidation of metallic
nanoparticles.

Mössbauer spectra of (FeCoZr)[(CaF2)100�[ films with low alloy
content ([ � 39 at.%, see Fig. 2a) consist of dominating nonmag-
Fig. 2. Mössbauer spectra of (FeCoZr)[(CaF2)100�[ (29 6 [ 6 73 at.%) granular film
netic and magnetically split contributions. The hyperfine parame-
ters extracted correspond to a-FeCo(Zr) superparamagnetic (SP)
nanoparticles [3]. An intermediate [ � 44 at.% spectra show the
superposition of SP contribution and magnetically split subspec-
trum, which becomes dominating and reveal magnetic interaction
between nanoparticles through insulating CaF2 matrix. Mössbauer
spectra of films with highest [ (�73 at.%) are well magnetically
split due to advanced magnetic interaction between a-FeCo(Zr)
nanoparticles. The boundary value of x for the magnetically
ordered state of the nanocomposite film at room temperature is
about 39 at.%.

The peculiar feature of Mössbauer spectra at x � 73 at.% is the
relative intensity of spectral lines h3:h2:h1 close to 3:�0.3:1 (see
Fig. 2a) that is typical for perpendicular orientation of magnetic
moments of the film with respect to its surface. The angle h
between c-quanta direction and orientation of magnetic moments
is estimated by the relationship h = arccos [(4 � K)/(4 + K)]1/2 [4],
where K = h2:h1 and comprise h � 20�. In accordance with [5], the
observed magnetic anisotropy is related to the shape anisotropy
of nanoparticles due to their growth in the form of columnar
structures.

Mössbauer spectra of oxidized FeCoZr–CaF2 films (at PO = 4.3 -
mPa) are shown in Fig. 2b. Spectra of films with [ around 36 at.%
were fitted assuming two quadrupole doublets D3+ (d = 0.42 mm/s;
s deposited on Al foil in Ar (a) and Ar + O2 at PO = 4.3 mPa (b) atmospheres.



S434 J.V. Kasiuk et al. / Journal of Alloys and Compounds 586 (2014) S432–S435
D = 0.82 mm/s) and D2+ (d = 0.95 mm/s; D = 2.07 mm/s) that
correspond to Fe3+ and Fe2+ in iron-based oxides that well
correlates with XRD patterns where Fe3O4 and/or a-Fe2O3 phases
were identified. It is noteworthy that no subspectra assigned to
nonoxidized SP a-FeCo(Zr) nanoparticles were detected in this
composition range. The spectrum of film with [ = 43 at.% reveals
intermediate magnetic state containing magnetically collapsed
sextet a-FeCo(Zr) and SP contribution of iron oxides. Spectra also
evidence a shift of threshold x for SP-FM transition towards higher
values as compared to non-oxidized films. This is due to a suppres-
sion of coupling of nanoparticles with oxide shells formation. Such
phenomenon was first observed and interpreted in FeCoZr–Al2O3

films [3]. Mössbauer spectra of films with [ = 74 at.% show a super-
position of two magnetically split contributions – non-oxidized
a-FeCo(Zr) (d � 0 mm/s,<Hhf > �33 T) and Fe(Co) oxides (d = 0.35
mm/s, <Hhf > �35 T). Oxidized FeCoZr–CaF2 films with x = 74 at.%
demonstrate a similar intensity ratio of spectral lines (3:�0.2:1,
see Fig. 2a) as it was observed for non-oxidized ones. The spectra
of films sintered at PO = 9.8 mPa reveal a contribution from oxi-
dized nanoparticles only.

Experimental dependencies of magnetoresistance MR(H)
[=(R(H) � R0)/R0] for non-oxidized (FeCoZr)[(CaF2)100�[ films with
lowest x are presented in Fig. 3a. Negative MR observed for films
with [ = 24–33 at.% in the T range 4–300 K evidences tunneling
electrical conductivity. One should note a non-monotonous
temperature dependency of MR(H). In particular, for film with
x = 24 at.% the maximal negative MR effect was found at
T = 150 K and further decrease of temperature resulted in a
substantial decrease of magnitude of the MR effect. The highest
magnitude of the MR value (about 2.7%) was observed for
x = 24 at.% film at T = 150 K and decreased rapidly with increasing
alloy content x. Such temperature dependence of MR with maxi-
mum within T = 150 K should be interpreted as the result of two
competing processes – a decrease of thermal fluctuations effect
that tends to enhance MR at T P 150 K, on one hand, and vanishing
of tunneling conductivity at T < 150 K because of lowering of elec-
trons energy with decreasing T, on the other hand. A progressive
decrease of MR effect with x up to zero value at x = 58 at.% (not
shown), evidences the change of conductivity mechanism from
tunneling to the metallic one due to percolation of metallic nano-
Fig. 3. Magnetoresistance (MR) of selected (FeCoZr)[(CaF2)100�[ (24 6 [ 6 73 at.%)
grains which is expected at high x values. This conclusion is sup-
ported by the RT Mössbauer spectroscopy results which show
SP-FM transition at threshold x lower than 39 at.% due to the for-
mation of coupled or sufficiently large metallic a-FeCo(Zr)
nanoparticles.

Field dependencies of MR for oxidized films (at PO = 4.3 mPa)
are presented in Fig. 3b. It is seen that contrary to the case of films
sintered in Ar atmosphere oxidized films demonstrate negative MR
in the broad x range ([ = 37–63 at.%). This correlates with predom-
inant formation of SP or weakly interacting nanoparticles at
x < 74 at.% detected with Mössbauer spectroscopy. Simultaneously,
it supported the assumption about the role of oxide shells in sup-
pressing SP-FM transition and shifting corresponding threshold x
towards higher value in oxidized films.

Contrary to non-oxidized films (see Fig. 3a) MR(H) curves for
oxidized films (with comparable x and size of nanoparticles are
unsaturated up to H = 80 kOe and demonstrate a monotonous
increase of negative MR effect with decreasing T (see Fig. 3b).
Moreover, oxidized films show higher MR values for low x (up to
7–8 % at T = 10–25 K for samples with x = 37–49 at.%) as compared
to non-oxidized ones. Basing on previous analysis of magnetome-
try and magnetoresistivity results for non-oxidized and oxidized
FeCoZr–Al2O3 films [4], all the observed MR(H) and MR(T) depen-
dencies in oxidized FeCoZr–CaF2 films should be assigned to the
formation of ‘‘metal core-oxide shell’’ structure of metallic nano-
particles due to their partial oxidation during synthesis in Ar + O2

atmosphere. In particular, unsaturated MR(H) curves at low T are
related to the disordered ‘‘frozen’’ spin states in oxide shells [3].
Oxide shells also contribute to the enhancement of MR effect by
stabilization of SP nanoparticles state and probably to a homogeni-
zation of their size distribution [6] as well as by possible ‘‘spin-
filtering’’ process increasing polarization of tunneling electrons
[7]. Unsaturated character and enhanced MR at low temperatures
should also be considered within the frame of high-order tunneling
mechanism in the Coulomb blockage regime that was proposed for
explanation of similar MR peculiarities in Co–Al–O films [8].

Negative MR effect is not detected in oxidized films sputtered at
PO = 9.8 mPa due to a full oxidation of metallic particles.

It is worth noting that partly oxidized FeCoZr–CaF2 granular
films demonstrate noticeably lower negative MR effect at RT (up
granular films sintered in Ar (a) and Ar + O2 at PO = 4.3 mPa (b) atmospheres.
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to only 2%) as compared with that is FeCoZr–Al2O3 films (up to 6%
[3]). Such a difference should be explained as a result of
perpendicular shape magnetic anisotropy in FeCoZr–CaF2 revealed
by Mössbauer spectroscopy, in contrast to the case of FeCoZr–Al2O3

films where magnetic moments of nanoparticles are oriented ran-
domly [3]. Obviously, such a random orientation is more favorable
for high MR effect that depends mainly on the alignment of
magnetic moments of nanoparticles due to the external magnetic
field. In FeCoZr–CaF2 films with magnetic anisotropy perpendicular
to the film plane, application of perpendicular magnetic field will
not influence the alignment of magnetic moments significantly,
so that the MR effect will not be so high.

4. Conclusions

For the first time systematic study of granular films FeCoZr–
CaF2 films reveals strong relationship between atmosphere of
deposition (Ar or Ar + O2), local Fe states, phase composition and
magnetoresistance. In particular, granular FeCoZr–CaF2 films
sintered in Ar atmosphere contain bcc a-Fe(Co) nanoparticles dis-
persed in crystalline CaF2 matrix. The threshold metal content for
SP-FM transition at RT x is below 39 at.%. Negative MR effect of
non-oxidized films decreases dramatically with increasing content
x, that is attributed to a transition from tunneling conductivity in
films with x < 58 at.% (maximal MR effect of about 2.5% at
x = 24 at.%) to a metallic conductivity at x P 58 at.% (close to zero
MR effect) in strong correlation with films microstructure.

Contrary, synthesis of FeCoZr–CaF2 granular films in Ar + O2

atmosphere results in partial or full oxidation of nanoparticles, at
PO = 4.3 mPa and 9.8 mPa, respectively. Oxidized films sintered at
PO = 4.3 mPa contain a-FeCo(Zr), Fe3O4 and/or a-Fe2O3 phases
and crystalline CaF2. 57Fe Mössbauer results for partly oxidized
nanoparticles reveal the transition from SP and Fe3+ and Fe2+ oxi-
des at lower x (up to 36 at.%) towards mixed magnetic state of SP
and FM oxides and nonoxidized a-FeCo(Zr) alloy at intermediate
[ = 43 at.%. The threshold x for SP-FM transition is shifted towards
higher values (43 at.%) as compared to non-oxidized films possibly
due to formation of oxide shells on FeCo(Zr) metallic nanoparticles
reducing their sizes and increasing their separation and, therefore,
the magnetic coupling.

Such change of films microstructure due to the Ar + O2 deposi-
tion atmosphere (PO = 4.3 mPa) is also reflected in broadening of
the films range, where tunneling MR occurs ([ = 37–63 at.%). In this
case tunneling MR in films with partly oxidized nanogranules is
directly related to the formation of predominantly SP or weakly
interacting nanoparticles in films where oxide shells suppressed
SP-FM transition. Enhanced MR effect observed in these films is re-
lated to the stabilization of SP state, reduction of the nanoparticles
size distribution as well as ‘‘spin-filtering’’ process that increase
polarization of tunneling electrons due to the formation of ‘‘metal
core - oxide shell’’ structure of nanoparticles.

Oxidized and non-oxidized FeCoZr–CaF2 films with the highest
x = 73–74 at.% exhibit perpendicular shape magnetic anisotropy
originating from the formation of columnar agglomerations of
nanoparticles. Such an anisotropy in oxidized FeCoZr–CaF2 films
(PO = 4.3 mPa) with ([ � 74 at.%) observed by Mössbauer spectros-
copy is unfavorable for high MR effect.

In so doing, it is established and explained for the first time, that
oxygen-containing atmosphere of deposition introducing ‘‘metal
core � oxide shell’’ nanoparticles in granular films might be a pow-
erful tool for tailoring and enhancement of magnetoresistance
effect.
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