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The  paper  reports  on  the  results  of  a  comparative  study  of  magnetic  and  magnetotransport  properties  of
granular  nanocomposite  films  FeCoZr–Al2O3 synthesized  in  pure  Ar  and  Ar + O  sputtering  atmosphere.
Effects  of oxygen  incorporation  on the  temperature  and  magnetic  field  dependencies  of  magnetization
and  electrical  resistance  of  the  films  are  discussed  with  respect  to the  “core–shell”  structure  formation.
Peculiarities  of  coercive  force  variation  with  temperature  are  analyzed  and  discussed.
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. Introduction

Nanocomposites containing nanogranules of ferromagnetic
lloy (such as FeCo, FeNi, etc.) in dielectric matrix (SiO2, Al2O3, etc.)
ould be applied for designing various magnetoelectronic devices
sensors) to be utilized at high frequencies [1–3]. The industrial
mportance of such materials is related to the optimal combination
f relatively high electrical resistivity �, low values of coercive field
C and high magnetoresistivity values (MR  = ��/� = (�H /= 0 −
H=0)/�H=0). The ratio between metallic and dielectric fractions,
agnetic structure of nanogranules, properties of the interface

etween nanogranules and matrix are among the most important
actors influencing �, HC and ��/� in granular nanocomposites.
n the context of MR  effect enhancement films composition within
he onset of percolative cluster formation is the most promising
4]. The peculiarity of this composition is that the thickness of
ielectric barriers between granules is minimal, but metallic con-
uctivity paths are not formed yet. Apart from structural features,
s mentioned above, the important role in MR  value is played

y the interface between metallic nanogranules and matrix. It is
articularly evident when metallic nanoparticles are covered with
xide shell and the “ferromagnetic core–oxide shell” structure is

∗ Corresponding author.
E-mail address: julia@hep.by (J. Fedotova).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.07.066
formed inside the matrix. The enhancement of MR effect related to
the spin-dependent tunneling in “core–shell” structures was pre-
viously reported in [5] for Co–CoO system. A homogeneous size
distribution of Co cores and CoO shells was  considered as the origin
of MR  enhancement in this case.

Variations of magnetization М(H) and coercive field
HC quite commonly observed in “core–shell” structures
due to ferromagnetic–antiferromagnetic (FM-AMF) (or
ferromagnetic–ferrimagnetic) coupling between core and shell
[5–7] should be considered as well.

Actually, the formation of “core–shell” structures originates
from either undesirable oxygen deposition on the particle–matrix
interface or intentional synthesis of granular film in oxygen-
containing sputtering atmosphere. The latter approach is usually
applied for some specific combinations of granules and matrix
materials when passivation with oxygen is the only technologi-
cal opportunity to stabilize granular nanostructure of composite
materials.

Recent study of granular nanocomposites (FeCoZr)x(Al2O3)100−x
(17 at. % ≤ x ≤ 65 at. %) by means of room-temperature transmis-
sion 57Fe Mössbauer spectroscopy revealed that the formation of
“core-shell” structure could occur in these materials due to the

synthesis in oxygen-containing sputtering atmosphere [8,9]. Möss-
bauer spectra in this case were successfully simulated with the
assumption that granules contain the superparamagnetic core of
soft ferromagnetic FeCoZr alloy inside the shell constituting the

dx.doi.org/10.1016/j.jallcom.2011.07.066
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:julia@hep.by
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uperposition of (Fe3+)Co superparamagnetic oxide and paramag-
etic (Fe2+)Co oxide. It was established that the quantitative ratio
etween core and shell as well as the fractions of (Fe3+)Co and
Fe2+)Co was depending on x [8,9].

Thus, granular nanocomposites sintered in oxygen-containing
tmosphere should be considered as an appropriate object for the
nvestigation of FeCo-oxide shells effect on the magnetic charac-
eristics of FeCoZr granules and also on the magnetoresistance of
anocomposites as a whole. On the other hand, a consistent analy-
is of temperature T and field H dependencies of magnetization and
agnetoresistance is the way to verify the picture of “core–shell”

tructure formed on the basis of transmission Mössbauer spec-
roscopy results.

. Experimental

Granular nanocomposite films (Fe45Co45Zr10)x(Al2O3)100−x (36 at.% ≤ x ≤ 64 at.%)
ere synthesized by ion-beam sputtering of complex target (containing Al2O3 strips

n  FeCoZr substrate [10]) in oxygen-free (PAr = 6.7 × 10−2 Pa) and oxygen-containing
puttering atmosphere onto glass–ceramic and Al substrates (PAr+O = 9.6 × 10−2 Pa,
O = 4.2 × 10−3 Pa).

The composition of FeCoZr alloy nanogranules and the ratio between metal-
ic  and dielectric fractions in the films were confirmed to be close to nominal, by
nergy dispersive X-ray spectroscopy (EDX) in a scanning electron microscope and
y  Rutherford backscattering spectrometry (RBS) with experimental errors of 1 at.%
nd  0.1 at.% respectively [8,10].  The analysis of morphology in the granular films
tudied with the transmission electron microscopy (TEM) revealed typical granular
tructure with metallic nanoparticles of medium size ranging between 2 and 7 nm.
ecent experiments on X-ray and electron diffraction revealed broadened reflec-
ions related to a considerable disorder in the bcc-FeCo-based structure or a small
ize of nanogranules [11].

Compositions of granular films sintered in oxygen-free atmosphere were cho-

en  with respect to their electrical conductivity [12] and results of Mössbauer
pectroscopy [8,9]. Selected samples (FeCoZr)42(Al2O3)58, (FeCoZr)47(Al2O3)53 and
FeCoZr)50(Al2O3)50 correspond to compositions below percolation, within per-
olation threshold ХC and above percolation, respectively. In oxygen-containing
amples Mössbauer spectroscopy revealed partial oxidation of FeCoZr nanoparti-

ig. 1. Temperature dependencies of magnetization M(T), recorded in FC and ZFC modes
d–f)  sputtering atmosphere.
ompounds 509 (2011) 9869– 9875

cles and formation (Fe3+)Co- and (Fe2+)Co-oxides [8,9]. So that the compositions
(FeCoZr)35(Al2O3)65, (FeCoZr)56(Al2O3)44, (FeCoZr)59(Al2O3)41 were selected to
cover different ratios between metallic and dielectric fractions.

Magnetization of samples M(H) was studied with Quantum Design VSM-PPMS
in the temperature range 2–300 K in magnetic fields H up to 89 kOe. Temperature
dependencies of samples magnetization M(T)were measured in field-cooled (FC,
H  = 50 Oe) and zero field-cooled (ZFC) regimes. All the M(H) curves discussed below
are  presented after extraction of glass–ceramic and Al2O3 contributions. Resulting
magnetizations were normalized to the mass of FeCoZr particles, i.e. Mmass is mass
magnetization of FeCoZr particles.

Magnetoresistivity MR  of the samples was  measured with four-probe method
in closed-cycle cryostat at the temperature 300 K in magnetic fields H up to 80 kOe.

3. Results

3.1. Magnetometry of granular films FeCoZr-Al2O3

Magnetization as a function of temperature, M(T), recorded in FC
and ZFC modes on the samples synthesized in oxygen are presented
in Fig. 1d–f. The curves are much different from M(T) dependen-
cies that were observed for non-oxidized granular films [13]. These
curves are shown in Fig. 1a–c for comparison. As evidenced from
Fig. 1, films sintered in oxygen-containing atmosphere reveal gen-
erally lower blocking temperatures TB, defined as the maximum
of ZFC curves. One should also note that for this particular case
almost no discrepancy is observed between TB and bifurcation
temperature Tb. Considering relatively broad size distribution of
nanogranules derived from Mössbauer spectroscopy [8,9], magne-
tometry, etc., TB should be regarded as a characteristics of some
average “core–shell” nanogranule. The abovementioned peculiar-
ities of TB and Tb values may  be assigned to a much narrower

size distribution of oxidized FeCoZr nanogranules as compared to
oxygen-free samples.

The granular film of (FeCoZr)35(Al2O3)65 composition shows a
steep decrease of M with increasing temperature in the FC mode

 (H = 50 Oe) for granular films sintered in oxygen-free (a–c) and oxygen-containing
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ig. 2. Field dependencies of mass magnetization Mmass(H) for selected samples (Fe
tmosphere.

hat corresponds to temperature-induced disordering of magnetic
oments of non-interacting superparamagnetic nanoparticles.
In contrast to the (FeCoZr)35(Al2O3)65 case, magnetization

urves versus temperature recorded in the FC regime for oxidized
lms (FeCoZr)56(Al2O3)44 and (FeCoZr)59(Al2O3)41, are almost con-
tant up to about 93 K and 96 K, respectively (see Fig. 1e and f).
oth temperatures correspond to flat maxima of ZFC magnetiza-
ion curves for mentioned compositions and should be assigned to
B values for ensembles of different nanoparticles.

Field dependencies of mass magnetization (first quad-
ants of magnetization loops) Mmass(H) for the samples
FeCoZr)x(Al2O3)100−x, sintered in oxygen-free and oxygen-
ontaining sputtering atmosphere are shown in Fig. 2a–c and d–f

mass
espectively. M (H) curves obtained for non-oxidized granular
lms reveal relatively small saturation fields HS ∼ 4–10 kOe and
lose to zero coercive field HC even when measured at 5 K. Such
eatures are typical for magnetically soft amorphous FeCoZr

able 1
aturation mass magnetization Mmass

S (or mass magnetization at maximum magnetic fiel

Composition Temperature of measurement (K) 

5 50 

Synthesis in oxygen-free sputtering atmosphere
(FeCoZr)42(Al2O3)58 171 171 

(FeCoZr)47(Al2O3)53 167 – 

(FeCoZr)50(Al2O3)50 165 – 

Synthesis in oxygen-containing sputtering atmosphere
2 3 50 

(FeCoZr)35(Al2O3)65 121 – 115 

(FeCoZr)56(Al2O3)44 – 127 – 

(FeCoZr)59(Al2O3)41 – 154 153 
(Al2O3)100−x , sintered in oxygen-free (a–c) and oxygen-containing (d–f) sputtering

nanoparticles. Values of saturation mass magnetization Mmass
S

for different compositions are close to 170 emu/g at 5 K and
slightly decrease with increasing Tmes up to 300 K. So that the
magnetic moment per average Fe50Co50 atom (�S ≈ 2 �B for
(FeCoZr)50(Al2O3)50) derived from experimental data is lower
than for bulk bcc FeCo alloy (�S = 2.4 �B for Fe50Co50 [14]) that
is a signature of disordered structure and a small size of FeCoZr
granules.

In contrast to oxygen-free films, Mmass(H)  curves of sam-
ples sintered in oxygen-containing atmosphere were unsaturated
for all the studied compositions at 300 K (see Fig. 2d–f). For
(FeCoZr)35(Al2O3)65 the mass magnetization does not achieve sat-
uration even at 2 K. Such a behavior is typical for the ensembles

of isolated superparamagnetic nanoparticles. Fig. 2d–f reveals also
some increase of mass magnetization with decreasing T that is
usual for amorphous ferromagnetics and is related to a decreasing
influence of thermal energy.

d Hmax = 89 kOe) per Fe45Co45Zr10 (emu/g) and blocking temperature TB (K).

Blocking temperature TB (K)

100 300

– 163 45
167 160 65
165 159 105

100 300

122 113 16
125 119 93
151 146 96
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distribution of nanogranules. The coincidence between TSP and TB
is improving with the decrease of FeCoZr fraction confirming nar-
rower size distribution of nanogranules in the (FeCoZr)35(Al2O3)65
film.
ig. 3. M(H) dependencies measured at 2 K with ZFC and FC procedures (at
 = 80 kOe) for composition (FeCoZr)35(Al2O3)65.

It should be emphasized that oxidized nanoparticles generally
xhibit lower Mmass

S values as compared with granular films sin-
ered in oxygen-free atmosphere (see Table 1). It is noteworthy
hat Mmass

S values are much higher than those for iron oxides or
obalt ferrites [15,16]. This suggests a partial oxidation of FeCoZr
anoparticles, that is supported with earlier results of Mössbauer
pectroscopy [8]. One should note that Mmass

S values for non-
xidized and oxidized granular films summarized in the Table 1
re normalized per mass of the FeCoZr alloy or oxidized FeCoZr
lloy. A correction of Mmass

S due to mass contributions of zirconium
nd oxygen is small and not important for further consideration.

One of the methods to verify the presence of FM-AFM
core–shell” coupling in nanostructures is to compare magnetiza-
ion curves measured vs applied field at a temperature much below
B after ZFC and FC (at H = 80 kOe) procedures. Such an experiment
as performed on the film with composition (FeCoZr)35(Al2O3)65.

he typical feature of FM-AFM coupling between ferromagnetic
ore and oxide shell is a shift of the M(H) curve measured after field-
ooling with respect to that measured after zero field cooling. The
hift of hysteresis loop is often accompanied with an enhancement
f HC values observed after FC procedure. M(H) curves obtained
n both regimes are presented in Fig. 3. One can see that both

(H)curves fully coincide making clear that no noticeable FM–AFM
oupling (exchange bias) occurs between core and shell, Neel tem-
erature is greater than 300 K or oxide shell is ferromagnetic.

Temperature dependencies of HC should also be analyzed in the
ontext of a possible “core–shell” structure. HC(T) dependencies for
elected films compositions are shown in Fig. 4.

Fig. 4 reveals that for all analyzed compositions HC val-
es decrease with growing temperature T and tend towards
ero value at TB. Such a behavior is typical for the assem-
ly of superparamagnetic nanogranules. According to the theory,
emperature dependence of НC for sample containing single-
omain granules of equal size follows the relationship [17]:(1)HC =
C0

[
1 −

(
T
TB

)1/2
]

,where HC0 is НC of the sample at T = 0 K.

HC0 is the magnetic field necessary for remagnetization of
ingle-domain spherical particle by means of coherent rotation
nd is defined with the formulae [17]:(2)HC0 = 2˛Keff

Ms
,where Keff

 effective anisotropy constant, MS – saturation magnetization, � –
henomenological constant. For (FeCoZr)59(Al2O3)41 HC0 = 364 Oe.

Approximation of experimental НC(T) for the sample

FeCoZr)59(Al2O3)41 assuming this formula (see the inset in
ig. 4) provides TB equal to 49 K which does not coincide with TB
alue (96 K) determined from maximum of ZFC curve (see Fig. 1f).
he discrepancy between the approximation and the experimental
Fig. 4. Temperature dependencies of coercive field HC of FeCoZr-Al2O3 sputtered in
oxygen-containing atmosphere. The inset shows temperature dependence of coer-
cive field НC for granular film (FeCoZr)59(Al2O3)41, together with its approximation.

curve as well as the inconsistency of TB values seems to be due to
broad distribution of nanoparticles sizes.

In order to obtain a better approximation of experimental data
НC(T) curves were re-plotted in logarithmic scale and presented in
Fig. 5. One can see that experimental curves could be successfully
fitted with the empirical dependence y = a − bT˛ which is different
from Eq. (1). The main purpose for this approximation is a precise
definition of TSP that separates superparamagnetic state from mag-
netically ordered one. It is worth noting that experimental curve
nicely follows nearly linear fit up to the 0.2 Oe level, with � values
of 1.44(6), 0.87(2) and 0.80(3) for x = 35, 55 and 59, respectively. The
value of  ̨ slightly lower than 1 is observed for the samples with
large x, whereas it is much larger than 1 for x = 35. HC value of 0.2 Oe
can be considered as a reasonable measure of the experimental
error of НC determination. The intersections of linear approxi-
mation with temperature axis provide the TSP values where НC
becomes zero, i.e., the temperatures where overwhelming major-
ity of oxidized FeCoZr nanoparticles become superparamagnetic.
One should note that extracted TSP values do not coincide with TB
values (shown with dashed lines in Fig. 5) evidencing broad size
Fig. 5. Approximation of temperature dependencies of coercive field HC (in
logarithmic scale) of FeCoZr-Al2O3 synthesized in oxygen-containing sputtering
atmosphere. Dashed lines correspond to blocking temperatures TB (see Fig. 1).
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Table  2
Parameters of selected oxygen-containing granular films FeCoZr-Al2O3.

Composition Curie–Weiss
temperature
�CW (K)

Volume of
nanoparticle V
(nm3)

Size of
nanoparticle d
(nm)

(FeCoZr)35(Al2O3)65 83 9 2.5
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Fig. 6. The approximation of the experimental Mvol(H)curve recorded on
(FeCoZr)56(Al2O3)44 221 64 4.9
(FeCoZr)59(Al2O3)41 245 98 5.7

Values of TB and, consequently, the size (diameter) of nanogran-
les d for oxygen-containing granular films generally seem to
e lower than those for oxygen-free samples (see Table 1).
anoparticles size can be determined by the application of
urie–Weiss law to the relationship between magnetic suscep-
ibility � and Curie–Weiss temperature [17]. By modification of
his law the volume V of superparamagnetic nanoparticle can

e expressed as:(3)V  = 3kB(T−�CW)�mass(T)

�0(Mmass
S

)2�
,where kB – Boltzmann

onstant, �mass = �/mFeCoZr – mass magnetic susceptibility of
eCoZr nanoparticles (magnetic susceptibility of sample divided
y mass of FeCoZr nanoparticles), �CW – Curie–Weiss temperature,
0 – magnetic permeability of vacuum, Mmass

S – mass magne-
ization of FeCoZr nanoparticles at Hmax, � – density of FeCoZr
anoparticles.

The magnetic susceptibility of the samples �mass at 300 K was
etermined from the slope of linear part of M(H) curve at zero

 values. Values of �CW were extracted from the intersection
ith temperature axis of linear approximation of reciprocal M(T)

urve (proportional to �mass (T)) obtained at external fields clos-
st to zero. Values of �CW, V and d for the (FeCoZr)35(Al2O3)65,
FeCoZr)56(Al2O3)44 and (FeCoZr)59(Al2O3)41 films are summarized
n the Table 2.

It is worth noting that the estimation of the volume for
omplex “core–shell” nanogranules assuming simple relation-
hip 25kBTB = KV (where kB – Boltzmann constant, K – magnetic
nisotropy constant, V – volume of nanoparticle) [18] is not fully
orrect.

In this case nanogranules size should rather be defined by
pproximation of M(H) curves with Langevin function. This
s appropriate for considered case of the system (ensem-
le) containing non-interacting superparamagnetic nanogranules.
pproximation was performed on the M(H) curve recorded for

he (FeCoZr)59(Al2O3)41 film. For this particular composition dom-
nating contribution of superparamagnetic (Fe3+)Co oxide was
roved by Mössbauer spectroscopy [8,9]. Assuming a log-normal
ize distribution of nanoparticles the dependence of the magneti-
ation on H is fitted with the following expression:(4)Mvol(H) =

vol
S

∫ ∞
0

[
L(

Mvol
S

VH

kBT )
]

f (V)dV,where L(x) = cth(x) − 1/x – Langevin

unction, f (V) = 1/
√

2�	V exp
[
−ln2(V/

〈
V
〉

)/2	2
]

– log-normal
ize distribution of nanoparticle, 〈V〉 and 	 – distribution param-
ters (mediana and width, respectively), Mvol

S – volume saturation
agnetization of nanogranules. For the (FeCoZr)59(Al2O3)41 film

he value of metallic particles magnetization at Hmax = 89 kOe
1021 emu/cm3) is regarded as Mvol

S .
The result of the approximation is shown in Fig. 6.
The best fit of the experimental Mvol(H) curve is obtained for

arameters 〈V〉 and 	 of 145 nm3 and 1.5, respectively. Size distri-
ution of oxidized “core–shell” nanogranules derived from fitting

s shown in the inset to the Fig. 6. Assuming spherical shape

f nanogranules and the relationship
〈

V
〉

= � ·
〈

d
〉3

/6, the cor-
esponding average diameter 〈d〉 is estimated to be 6.5 nm.  It is

nteresting to note that the peak of distribution function cor-
esponds to nanogranules of 3.1 nm in size while about 10% of
anogranules appears to be larger than 12.5 nm.
(FeCoZr)59(Al2O3)41 granular film at 300 K with Langevin function. The inset shows
size distribution of oxidized “core–shell” nanogranules derived from fitting.

It is noteworthy that the attempt for similar approximation of
the Mvol(H) curve recorded on the (FeCoZr)35(Al2O3)65 film was
unsuccessful, possibly due to more complex “core-shell” structure.

3.2. Correlation between magnetoresistivity and magnetization
of FeCoZr-Al2O3

It was  reported in [19] that for granular nanocomposites exhibit-
ing spin-dependent tunneling magnetoresistivity ��/� is pro-
portional to the squared normalized magnetization −(M(H)/MS)2.
Obviously, magnetotransport in FeCoZr-Al2O3 granular films
should follow the mechanism of spin-dependent tunneling for
compositions below percolation limit, that is when films constitute
the ensemble of superparamagnetic nanogranules isolated in the
matrix e.g. due to the oxide shell formation. Thus, the correspon-
dence between ��/� and −(M(H)/MS)2 curves should support the
“core–shell” structure of nanogranules in oxidized FeCoZr-Al2O3
granular films.

Fig. 7 shows room temperature ��/� and −(M(H)/MS)2 curves
for (FeCoZr)42(Al2O3)58 and (FeCoZr)47(Al2O3)53 films synthesized
in oxygen-free sputtering atmosphere, and (FeCoZr)55(Al2O3)45
and (FeCoZr)59(Al2O3)41 films prepared in oxygen-containing
atmosphere. It is clear (see Fig. 7 a) that excellent corre-
lation between ��/� and −(M(H)/MS)2 occurs for oxygen-
free films before percolation, particularly for the composition
(FeCoZr)42(Al2O3)58. At percolation configuration represented by
the (FeCoZr)47(Al2O3)53 sample the discrepancy between the two
curves is pronounced and the value of ��/� is much lower than for
(FeCoZr)42(Al2O3)58 reflecting the formation of current-conductive
paths between the FeCoZr nanogranules (see Fig. 7 b).

In contrast to the expectations, a good coincidence of
��/� and −(M(H)/MS)2 is found for oxygen-containing films
(FeCoZr)55(Al2O3)45 and (FeCoZr)59(Al2O3)41, i.e. at the concentra-
tion of oxidized metallic granules above the percolation threshold
(see Fig. 7c and d). This indicates the presence of spin-dependent
tunneling, i.e. in the “core–shell” nanogranules structure their oxi-
dized shells play a role of insulating barriers for spin polarized
current.

4. Discussion
Magnetometry of oxygen-free granular films reveals that val-
ues of saturation mass magnetization, Mmass

S , saturating field,
HS, and coercive field, HC, corresponding to non-oxidized FeCoZr
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Fig. 7. ��/� and −(M(H)/MS)2 curves at 300 K for selected compositions FeCoZr-Al2O3: (FeCoZr)42(Al2O3)58 (a) and (FeCoZr)47(Al2O3)53 (b) sintered in oxygen-free atmo-
sphere; (FeCoZr)55(Al2O3)45 (c) and (FeCoZr)59(Al2O3)41 (d) sintered in oxygen-containing sputtering atmosphere.
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anogranules are typical for amorphous metallic nanoparticles.
ower values of Mmass

S as compared to bulk Fe with crystalline
tructure reflect nanosized state of FeCoZr particles. Estimations
resented in [11] and based on FC–ZFC curves confirmed that
maller FeCoZr nanoparticles are of 3–4 nm in size while larger
anogranules are of 7–9 nm in size.

Considering abovementioned Mössbauer spectroscopy results
8,9] the detected decrease of Mmass

S values in oxygen-containing
ranular films as compared to oxygen-free samples (see Table 1)
an possibly be attributed to the formation of complex FeCo-
ontaining oxides (including ferrites). It is known that Mmass

S values
f bulk magnetite Fe3O4 and cobalt ferrite CoFe2O4 do not exceed
0 emu/g [15,16,20].

One should note that the results of magnetometry on granular
lms FeCoZr-Al2O3 synthesized in oxygen-containing sputtering
tmosphere support the “core–shell” structure formation. It is
onsistent with non-saturating Mmass(H) curves at 300 K, as this
eans that partially oxidized FeCoZr granules remain in super-

aramagnetic state even for compositions (FeCoZr)56(Al2O3)44
nd (FeCoZr)59(Al2O3)41. Their superparamagnetic state correlates
ith mean diameter (6.5 nm and 5.7 nm)  of oxidized nanogranules

n (FeCoZr)59(Al2O3)41 film derived from Curie–Weiss relation-
hip and from approximation of Mvol(H) curves with Langevin
unction, respectively. Also the temperature dependence of coer-
ive field HC(T) was typical for the ensemble of non-interacting
agnetic nanoparticles. And, finally, spin-dependent tunneling

or all compositions evidenced from a coincidence between
�/� and −(M(H)/MS)2 curves indirectly confirms that granu-

ar films studied contain superparamagnetic isolated nanogranules
ith «core-shell»  structure. A deviation between ��/� and

2
(M(H)/MS) curves is expected to reflect percolation in gran-
lar films and formation of metallic conductivity path as it
as observed in the case of samples synthesized in oxygen-free

tmosphere.
It was  mentioned above that HC values for the sample
(FeCoZr)35(Al2O3)65 were enhanced up to 889 Oe at 2 K as com-
pared to (FeCoZr)56(Al2O3)44 and (FeCoZr)59(Al2O3)41 (HC = 350 Oe,
at 3 K). This is a typical behavior for oxygen-passivated metallic
nanoparticles [21]. Moreover, a much larger value of the coer-
cive field in oxidized (FeCoZr)35(Al2O3)65 granular film than for
other films with higher FeCoZr content can be explained by the
shape anisotropy model [17] which predicts an increase of HC with
decreasing packing fraction of magnetic particles.

HC value for (FeCoZr)35(Al2O3)65 granular film sharply drops
with increasing temperature and reaches zero value at TB = 20–25 K.
In fact, such a temperature dependence of HC is expected as it
reflects the increasing role of thermally activated fluctuations of
magnetic moments of separate nanogranules with increasing tem-
perature.

In addition, the low-temperature increase of coercive field in
oxidized (FeCoZr)35(Al2O3)65 granular film may be considered in
the context of coupling between antiferromagnetic (ferrimagnetic)
(Fe3+)Co oxide shell and ferromagnetic FeCoZr core. In some papers
[7] such an enhancement of HC after FC procedure was  assigned to
AFM–FM coupling to weak unidirectional AFM anisotropy, even in
the case when no shift of hysteresis loop was  detected. In the case
of weak AFM anisotropy, as evidenced in [7],  spins of AFM shell are
coupled with spins of FM cores and their coherent rotation is ener-
getically more favorable. The additional energy originating from
irreversible AFM spins turning results in the enhanced coercive
force. It was also reported that AFM shell formation leads to the
increased HC values even after ZFC procedure. Some authors also
assign the enhanced HC in films with AFM–FM coupling to uniax-
ial exchange magnetic anisotropy [7].  Nevertheless, regardless of

the origin of the enhancement, HC values should vary after cool-
ing in magnetic field and zero-magnetic field. However, this was
not confirmed experimentally for (FeCoZr)35(Al2O3)65 granular
film.
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No signs of exchange AFM–FM coupling in the sample studied
hould be attributed to relatively low concentration of “core–shell”
tructures fully isolated in Al2O3 matrix. This conclusion correlates
ith previously published results on electrical conductivity [13],
agnetoresistivity [13] and Mössbauer spectroscopy [8,9]. To some

xtend it is also confirmed with M(T) dependencies obtained in
C–ZFC regimes revealing characteristic features of superparam-
gnetic nanoparticles (low TB values, branching between ZFC- and
C curves). Similar behavior was reported for isolated Co nanopar-
icles in CoO shells where the absence of AFM-FM coupling was
xplained to be due to very small thickness of CoO layers or their
ighly disordered state [22].

Considering no significant effect of FC procedure at 2 K and
 = 80 kOe on the HC value and the hysteresis curve (i.e. no shift) the

ow-temperature enhancement of HC, characterizing “core–shell”
FeCoZr)35(Al2O3)65 granular film could possibly be assigned to the
inning of the surface spins and their random canting within the

nterface between FeCoZr-(Fe3+)Co, (Fe2+)Co, or (Fe3+)Co, (Fe2+)Co-
l2O3 independently on the type of magnetic order in these

nterfaces. The resulting non-collinear structure related to such sur-
ace effect will be more pronounced for the smaller particle size
23,24].

. Conclusions

Summarizing the results obtained, sputtering of complex tar-
et FeCoZr + Al2O3 in oxygen-containing atmosphere leads to
he formation of heterogeneous composite structure containing
anogranules «FeCoZr core–(Fe3+)Co, (Fe2+)Co oxide shell» in Al2O3
atrix.
Decreased Mmass

S values, unsaturated character of Mmass(H)
urves at low temperatures, some peculiarities of M(T), recorded in
C–ZFC regimes, as well as a good coincidence of field dependencies
f magnetoresistivity and squared normalized magnetization sup-
ort the picture of “ferromagnetic FeCoZr core–(Fe3+)Co, (Fe2+)Co
xide shell” structure.

No signature of exchange AFM-FM coupling between FeCoZr
ore and (Fe3+)Co, (Fe2+)Co) oxide shell in (FeCoZr)35(Al2O3)65 con-
aining fully isolated “core–shell” nanogranules is found.

Enhanced coercive force HC, that characterizes
FeCoZr)35(Al2O3)65 granular film at low temperature is assigned

o the pinning effect of spins and their canting in the interfaces
ithin the “core–shell” nanogranules independently on the type

f magnetic ordering in the interfaces and the adjacent phases
nd/or to the shape anisotropy.

[

[

[

ompounds 509 (2011) 9869– 9875 9875

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jallcom.2011.07.066.
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