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Abstract
The evolution of the morphology, magnetic and transport properties of Fe(t nm)/MgO(3.0 nm)
multilayers with respect to the nominal metallic layer thickness was investigated. A comparison
with existing experimental data on discontinuous metal–insulator multilayers, ultrathin epitaxial
Fe films on MgO substrates and granular cermet films is made. It is confirmed that the
deposition conditions and the material composition play a crucial role in the percolation
process. Nominal thicknesses of Fe layers at which an infinite metallic cluster is formed and the
conditions for continuous Fe coverage were determined. Different methods of percolation
threshold detection were analysed. We show that investigation of the temperature dependence
of resistance in nanostructures could lead to an overestimation of the percolation threshold
value, while magnetic measurements alone could lead to its underestimation.

1. Introduction

Physical properties of binary metal–insulator (cermet) mix-
tures have been studied both experimentally and theoretically
for many years. The general approach to these studies involves
effective media and percolation theories [1–4]. Percolation
theory is applied if the conductivity of the metal phase (σm)

is much higher than the conductivity of the insulator (σi).
Usually a model binary mixture is characterized by the volume
fraction of the metallic phase (x), the volume fraction of
the insulator (1 − x) and the critical metal volume fraction
(xc). The latter corresponds to the composition at which
the infinite metal cluster is first formed and conductivity
starts to rise sharply. The dependence of the electrical
conductivity of a cermet composite (σf) for x > xc could
be described [1, 3] using the expression σf = σm(x − xc)

α ,
where α is a percolation exponent. Such a model faces
serious difficulties for metallic binary composites in which

both components have conductance of the same order of
magnitude. In this case effective media theories and their
modifications should be used [4–6]. It was believed [1, 5, 7, 8]
that the percolation parameters xc and α, whether determined
by computer simulation using the lattice percolation model or
experimentally in continuum composite, were universal, and
that they depended only on the dimensions of the system.
Recent studies of percolation processes in nanostructures and
continuous systems show nonuniversality of these parame-
ters [4, 9–11] and that the continuous percolation problem is
fundamentally different from the lattice one [12, 13]. In cermet
systems considerable values of conductance are observed in the
so-called ‘dielectric’ regime [3, 9, 11, 14]. This is considered
as a paradox because, in contradiction to classic percolation
theory, the particles are not in direct electrical contact (as in
the ‘metallic’ regime [3]) but any two particles are connected
via tunnelling; i.e. the system is globally electrically connected
for any concentrations of conductive particles [14–16]. Thus
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the meaning of the percolation threshold and the origin of
percolation behaviour have been under discussion. It was
proposed to distinguish two different types of percolation
scenarios depending on particle densities: one of tunnelling
type and another caused by coalescence (direct contact) [16].

It was also shown experimentally that the concentration
of metallic particles at which a continuous cluster is
formed could vary in a wide range even for cermet films
deposited in identical conditions with the same insulator
(ZrO2) but different metal phase (Ag, Co, Au) [17].
Besides, varying deposition conditions (i.e. temperature of the
substrate) could cause a transition from two-dimensional (2D)
continuous towards discontinuous three-dimensional (3D)
film growth [18], resulting in different physical properties
and microstructural characteristics. Thus, each particular
percolation structure should be treated independently. There
has been a wealth of literature regarding different scaling
behaviours that are caused by the dimensionality of the
percolation network [19, 20], irregularity in shapes and sizes
of the particles [4, 5, 11, 21] and σi/σm value [4, 5] in cermet
films and bulk composites.

From this point of view, the discontinuous metal–insulator
multilayers (DMIM) [22, 23] are unique nanostructures that
feature a transition from the 2D to 3D case. Unlike the
convenient cermet films, the metallic nanoparticles in DMIM
are situated not randomly within the film volume but regularly
in layers that are separated from each other by a relatively
thick insulator. This makes the percolation process within a
single metallic layer close to the 2D case. On the other hand,
in a stack of metal–insulator bilayers, equidistance between
metallic granules along all spatial directions could be found
for certain layer thicknesses and growth conditions [24]. Such
a percolation system should be treated as 3D. Contrary to
granular cermet films, DMIM are not usually characterized
by a volume fraction of the metallic phase but by a nominal
thickness of the metallic layer (t). Although the volume
fraction could be derived from the relation between the
thicknesses of the metal and insulator layers, the total
thickness of DMIM varies with t , causing the change in
dimensionality of the sample. Also, it is not quite clear
how many metallic layers are involved in conductance. It is
known [25] that a combination of current-in-plane (CIP) and
current-perpendicular-to-plane (CPP) transport regimes could
be distinguished even for CIP geometry of measurements.
Thus, current could flow only within the first layer, uniformly
within the whole sample with the same density in all
planes or in various layers but with unequal densities. The
estimation of the shape of current lines in DMIM as well
as pinhole density is not an easy task. This makes the
investigation of the percolation problem using the σf versus
x (or t) dependence in DMIM puzzling. Consequently, one
should use alternative methods to determine the percolation
threshold in such structures. Among them the temperature
dependence of resistance [26–30], magnetotransport and
magnetic measurements [23, 24, 31, 32] and transmission
electron microscopy (TEM) studies [17, 21, 22, 27, 29, 32]
should be mentioned. The latter method proves to be very
efficient for monolayers of Fe nanoparticles [29] and thin

cermet films [17]. For DMIM, however, the structural state
of the metallic layers for low and intermediate thickness is not
always easily treated due to the superposition of the granules
in different layers over the specimen thickness [24, 33].
Insulator–metal–insulator trilayers on grids for plane view
TEM investigations could grow in different conditions
and feature altered structural properties. Thus, magnetic
and transport properties become of great importance for
the determination of the percolation threshold in DMIM.
In this paper we report the detection of the percolation
threshold in Fe/MgO granular multilayers. Following different
methods, our results are compared with the existing data
on DMIM [22–24, 31, 34], MgO/Fe/MgO continuous and
discontinuous trilayers [29], epitaxial Fe films on MgO
substrates [35–44] and cermet granular films of different
compositions [26–28, 30, 32, 45–47].

2. Experiment

Granular multilayers MgO(3 nm)/[Fe(t nm)/MgO(3nm)]N

(0.4 nm < t < 1.5 nm) were deposited on glass
substrates by pulsed laser deposition (PLD). Here N is
the number of bilayers in a stack. The details of
film preparation, structural and magnetic characterization
are reported elsewhere [33]. Electrical resistance and
magnetoresistance (MR) measurements in the temperature
range 10–300 K and in magnetic fields (H ) up to 18 kOe
were carried out using the four-point method (Keithley 236
current source and Agilent 34401 digital voltmeter) in an
Oxford Spectrostat NMR He cryostat equipped with an ITC503
controller. A computer via Labview software managed the set-
up. Two different orientations of magnetic field with respect
to current-in-plane (I ) were studied: (1) H in the film plane
and parallel to I (L—longitudinal geometry) and (2) H in the
film plane but perpendicular to I (T—transverse geometry).
The values of MR were determined using the formula MR =
[ρ(H ) − ρ(0)]/ρ(0), where ρ(0) and ρ(H ) are the resistivity
of the film in zero field and in an applied magnetic field H ,
respectively.

Magnetic measurements were performed in a Quantum
Design MPMS 5S superconducting quantum interference
device magnetometer in the 5–300 K temperature range with
magnetic field applied in the film plane.

3. Results and discussion

First we shall analyse the mechanisms of conductance in the
films. Temperature dependences of ρ for the films with
t = 0.53 and 0.61 nm are shown in figure 1. Experimental
data could be fitted using the expression for low electric field
limit tunnelling conductance [26, 27] ρ ∼ exp(2

√
C/kBT ),

where kB is the Boltzmann constant and C the tunnelling
constant related to average interparticle distance and charging
energy necessary to generate a pair of charged granules. The
values of C decrease with increasing t from 270 meV (t =
0.53 nm) to 34 meV (t = 0.61 nm). This variation reflects an
increase in particle size and a reduction in distances between
them [26–28, 30, 46]. The decrease of tunnelling constant with
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Figure 1. Temperature dependences of resistivity (ρ) for
Fe(t nm)/MgO(3 nm) layered granular films: t = 0.53 nm (open
squares), t = 0.61 nm (solid circles). Solid lines represent a fit of the
experimental data using a ρ ∼ exp(2

√
C/kBT ) dependence.

increasing t in our case in general corresponds to that reported
for granular cermets. For example, in [28] C decreases from
∼250 to ∼50 meV as the volume fraction of the metallic phase
in the Co-SiO2 composite increases from x ∼ 0.1 to ∼0.3.
A rapid decrease of C in our case reflects differences in film
structure and composition.

Previous magnetic and TEM studies [33] show that Fe
layers in the films with t � 0.61 nm are discontinuous.
Magnetically the films could be described as an ensemble of
noninteracting superparamagnetic particles. Magnetotransport
measurements confirm the granular nature of Fe layers.
Resistance of the film with t � 0.61 nm decreases
continuously with increasing H . Magnetoresistance measured
in L- and T -geometries coincides, indicating a typical
behaviour of tunnelling MR for granular cermet films in the
dielectric regime [27, 33, 46].

The dependences ρ(T ) and MR(H ) for samples
with t � 0.81 nm are shown in figures 2 and 3,
respectively. Predominantly metallic conductance and
anisotropic magnetoresistance (AMR) for t = 1.25 nm clearly
hint that the film contains a continuous metallic ferromagnetic
layer. However, the value of ρ is high, compared to
bulk Fe, and the dependence ρ(T ) is relatively weak and
nonmonotonic. A shallow minimum is observed at T ≈ 100 K.
Such behaviour seems to be a characteristic feature of ultrathin
and disordered metallic films [35, 37, 48–50]. It can be
explained in terms of electron localization and/or electron–
electron interaction effects [35, 37, 51]. The position of the
minimum is shifted towards higher temperatures compared to
epitaxial Fe films of t = 1.8 nm deposited on MgO(001)
substrates [37]. This is caused by the stronger influence
of localization processes, and surface and defect scattering
associated with reduced Fe layer thickness and a higher degree
of structural disorder in our case.

We should point out that the value of AMR ∼ 0.8%
obtained in the sample with t = 1.25 nm is much higher than
that of bulk Fe (0.15%) for the same magnetic field [52]. An

Figure 2. Temperature dependences of resistivity (ρ) for
Fe(t nm)/MgO(3 nm) layered granular films: t = 0.81 nm (a) and
t = 1.25 nm (b).

Figure 3. Dependences of magnetoresistance (MR) versus the
applied magnetic field (H) for Fe(t nm)/MgO(3 nm) layered
granular films: t = 0.81 nm (a) and t = 1.25 nm (b). Measurements
in L-geometry (open symbols) and T-geometry (closed symbols) at
T = 300 K.

enhanced value of the AMR (up to 1%) in ultrathin epitaxial
Fe films sandwiched between MgO layers has also been
found in [44] and ascribed to 2D confinement effects which
result from quantum interference within the heterostructure
and distorted Fe band structure.

The film with t = 0.81 nm shows mixed properties. The
dependence ρ(T ) has activation characteristics (figure 2(a)).
The resistance of the films continuously drops with increasing
temperature. However, the fit using the ρ ∼ exp(2

√
C/kBT )

law gives an unrealistically small (C < 0.1 meV) activation
energy. At the same time the AMR effect typical for continuous
ferromagnetic films is found (figure 3(a)). The value of AMR
for the sample t = 0.81 nm is still higher than for bulk Fe,
however, it is reduced by a factor ∼2 compared to the sample
t = 1.25 nm. One can mentioned slight asymmetry in AMR
behaviour for the film t = 0.81 nm. It could be caused either
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by a slight misalignment of the sample with respect to the
magnetic field or a change of the samples resistance during
measurement due to a small temperature drift. The difference
in AMR for positive and negative field is less than ±3%, which
corresponds to experimental error.

Qualitatively similar ρ(T ) behaviour was observed [31]
for a film of composition [Co80Fe20(1.7 nm)/Al2O3(3 nm)]10.
It was suggested that this sample is just below the global
(geometrical) percolation of the metallic phase. It contains big
fractal clusters separated with thin tunnel barriers. As a result
the characteristics of the ρ(T ) dependence are determined by
the competition of the electron transport within the clusters
and the tunnelling between them. Magnetic data on that
film shows the formation of a superferromagnetic (SFM)
state while the AMR effect was small and covered with
strong noise. Unfortunately in [30] the dependences ρ(T )

and AMR were presented in arbitrary units and we are
not able to compare data quantitatively. Contrary to the
data on [Co80Fe20(1.7 nm)/Al2O3(3 nm)]10 DMIM, our MR
measurements did not reveal strong noise. Also magnetic
properties of our sample with t = 0.81 nm are different and the
magnetic state of the film is close to the bulk ferromagnet [33],
i.e. the hysteresis loops are easily saturated in relatively low
fields and demonstrate a weak temperature dependence of
magnetization. This allows the presumption that a continuous
Fe cluster is present in the film.

Submillivolts activation energy ρ(T ) behaviour was
observed earlier [35] for epitaxial Fe film with t = 0.8 nm on a
MgO substrate. It was explained within a frame of conductance
in disordered 2D metals involving weak localization and
interaction effects. Also, a crossover from the 2D disordered
conductor to the 3D metallic regime was found in the range
0.8 nm < t < 1.2 nm. Although our films are not epitaxial,
the characteristics of ρ(T ) behaviour observed in this work
correspond very well with those reported in [35].

The dependence of resistivity ρ versus t at T =
295 K is shown in figure 4. Experimental data of
this work are compared with the data on discontinuous
MgO/Fe/MgO trilayers [29] and thin epitaxial Fe films on
MgO substrates [35–37]. It is clearly seen that our data in
the t > 0.81 nm limit correspond pretty well with those
of continuous Fe films. Taking into account that ρ values
were recalculated using the total thickness of all Fe layers
we can conclude that the current is flowing uniformly within
all layers [25] and continuous Fe layers have a well ordered
crystalline structure. With decreasing t below 0.81 nm a sharp
increase of ρ occurs. Such an increase was found in [29] for
MgO(2.0 nm)/Fe(t nm)/MgO(2.0 nm) trilayers for t < 1.0 nm
and was attributed to the transition of the Fe layer structure
from a continuous film to a discontinuous one. Our magnetic,
TEM and ρ(T ) data confirm the appearance of discontinuous
Fe layers for similar values of t .

The solid line in figure 4 represents model percolation
behaviour calculated with universal parameters xc = 0.16 and
α = 1.9. However, the meaning of these parameters and
the applicability of the phenomenological percolation approach
must be justified. It was shown earlier that the experimentally
determined value of xc is the percolation threshold of an

Figure 4. Dependence of electrical resistivity (ρ) versus Fe layer
thickness (t) for Fe(t nm)/MgO(3 nm) layered granular films.
Measurements were carried out at T = 295 K. Our data are
compared with those of [29, 35–37]. The solid line represents the
best fit using the percolation model σf ∼ (x − xc)

α with xc = 0.16
and α = 1.9. Metallic volume fraction (x) was recalculated as a
relation of Fe layer thickness (t) to total thickness of Fe/MgO
bilayer.

electrical network in which only the tunnelling of nearest
neighbours contributes to the conduction [14]. This is the
only case where the system behaves as a genuine percolation
one. The percolation parameters determined in nanostructures
with dominant tunnelling conductance, even if they are close
to universal, have very little to do with the criteria established
for the systems of hard spheres [53] but rather reflect specific
structural and transport properties [54]. Recently, the model
of tunnelling percolation has been developed further [15].
A 3D system of spherical conductive particles with average
diameter d randomly situated in a dielectric matrix is used as
a starting point for modelling. Around each particle a soft
shell of constant thickness ξ is introduced. It is suggested
that two conductive particles become electrically connected
when their soft shells overlap, i.e. the separation between their
closest surfaces is less than a certain upper cut-off limit ξc.
In a cermet system containing metal nanoparticles dispersed
in an insulator host, the shell thickness can be physically
interpreted as a characteristic tunnelling length, governing the
electrical connectivity of the composite. The value of ξc in
real systems is usually set to ∼1 nm [9]. The model predicts
nonuniversal values for the percolation exponent α and the
dependence of xc on ξc/d . The electrical connectivity of the
system is established for concentration values that are rapidly
decreasing as ξc/d increases. This result is of great importance
for nanogranular structures where the sizes of metallic granules
are comparable to the characteristic tunnelling length, i.e. a
percolation conductive network could be formed at a very low
concentration of metallic material.

However, direct application of this model faces certain
difficulties in our case. The films under investigation do
not satisfy the criterion of a convenient 3D system used
in modelling. Metallic particles are situated in layers well
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separated from each other by a relatively thick 3 nm MgO
barrier. This system is highly anisotropic. The distances
between Fe particles within the same layer decrease with
increasing t , while the distances between adjacent layers
remain almost the same. This means that tunnelling between
particles within a layer will have higher probability (especially
for t values close to geometrical percolation of metallic
particles) compared to interlayer tunnelling. This can explain
why the experimental points in figure 4 correlate with the
percolation curve calculated for relatively low xc.

Another aspect that is widely missed in percolation models
requires modification associated with the magnetic nature
of the metallic material. It is well known [55, 56] that
tunnelling probability in ferromagnetic nanostructures depends
on the relative magnetization of neighbour granules, i.e. it is
higher when magnetic moments of the granules are oriented
ferromagnetically and lower for antiferromagnetic orientation.
It terms of the model proposed in [15], this means that
ξc should be dependent on the direction of the granules’
magnetization. It is not clear whether introduction of a broad
distribution of ‘cut-off’ distances will model this behaviour.
To our best knowledge no percolation model that accounts
for the effects of spin-dependent transport on the tunnelling
percolation process has yet been developed.

It has to be pointed out that the tunnelling percolation
mechanism is different from the one associated with
direct electrical (geometrical) contact of conductive particles
(for example, due to the coalescence process in granular
cermets [27]). This explains the discrepancy in percolation
threshold determination using ρ versus x and ρ versus T
dependences. Usually analysis of the temperature coefficient
of resistance (TCR) would lead to overestimation of the
percolation threshold value. Activation characteristics of
ρ(T ) could be caused not only by tunnelling conductance
but also by a strong contribution from surface and
defect scattering, electron localization and electron–electron
interaction effects [35, 51, 57, 58]. Mooij [48] predicts
negative TCR for continuous transition-metal thin films with
ρ > 150 μ� cm due to strong scattering and reduced
electron mean free path. However, our film with t =
0.81 nm shows the value of resistance ∼1500 μ� cm
at room temperature (RT) that is one order of magnitude
higher. On the other hand, activation characteristics of ρ(T )

above the percolation threshold were reported earlier for a
number of granular cermets. For example, the percolation
threshold for electron beam deposited Cox –(Al2O3)1−x films
was determined from the ρ versus x curve [45] to be
x ≈ 0.25, while TCR at RT becomes positive only at
x ∼ 0.7. For (Co50Fe50)x –(Al2O3)1−x prepared by electron
beam deposition [46] these values were ≈0.17 and ≈0.35,
respectively, and metallic conductance in a wide temperature
range was observed for x > 0.45. The temperature dependence
of resistance of granular cermets Ptx –(Al2O3)1−x was studied
in [47]. It was found that samples with x � 0.59 behave
like dirty metals. Their resistivities decrease with decreasing
temperature until impurity scattering dominates and ρ(T )

becomes temperature independent. The resistive transition
from predominantly metallic conduction to predominantly

Figure 5. The dependence of coercive field (Hc) versus Fe layer
nominal thickness (t) at T = 5 K (solid squares) and T = 295 K
(open circles).

thermally assisted tunnelling occurs in the range of 0.50 < x <

0.59. The general property of all those cases as well as in those
reported in [26–28] is that the TCR at RT changes sign in the
range ρ ∼ 103μ� cm that corresponds to the Mott limit for the
minimum conduction in disordered metallic materials [51, 59].
The value of resistivity of our sample with t = 0.81 nm is
within this range and scattering conditions for non-metallic
conductance could appear, i.e. the criterion TCR > 0 in
nanostructured cermets reflects the formation of a continuous,
well ordered metallic film (geometrical percolation) rather than
establishing a tunnelling percolation network.

An alternative way to detect the percolation threshold
in magnetic granular nanostructures involves analysis of the
dependence of coercive field (Hc) versus t [32]. Our results
measured at T = 5 and 300 K are presented in figure 5.
At T = 5 K Hc first increases with t reaching the value
of ∼1200 Oe at t = 0.53 nm and then drops down to
∼200 Oe for t = 1.25 nm. The latter value of Hc is much
higher than that of bulk Fe. This effect is caused by strong
surface anisotropy due to the formation of an FeOx oxide
layer on the Fe/MgO interface [18, 33, 60]. The shape of
the Hc versus t curve at T = 5 K is similar to the one
reported for Fe–SiO2 granular films [32]. The decrease of
Hc with a further increase of Fe content was attributed to a
percolation effect. As the volume fraction of Fe approaches
the percolation threshold, conglomerates of small granules
start to form. Due to dipolar interaction, magnetic closure-
domain structure would be preferable and the system behaves
as a multidomain. As a result coercivity decreases. Thus
the maximum of Hc could be considered as a signature of
approaching the percolation threshold.

A similar shape of Hc(x) behaviour was held for granular
cermets in the whole range of temperatures [32] and Hc ∼
500 Oe was reported for T = 300 K. In our case the
dependence Hc(t) for T = 295 K is qualitatively different
from that of granular films. No irreversible behaviour was
found in our samples [33] for t < 0.81 nm. For higher
thicknesses a narrow hysteresis loop was observed. This
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behaviour is similar to the one studied by the magneto-
optical Kerr effect for DMIM [23, 31] in which continuous
2D ferromagnetic layers are formed. However, in that
case an offset of ferromagnetism appears well below the
geometrical percolation threshold caused by coalescence of the
metallic phase. It was suggested [24, 31] that dipolar stray
fields between finite-size granules (superspins) can produce
ferromagnetic coupling and that this ‘superexchange’ can give
rise to SFM order in 2D granular systems above some critical
value of diameter-to-interparticle distance ratio. It is possible
to assume that the case of SFM order could be treated using
a similar ‘hard core–soft shell’ model proposed for tunnelling
conductance [15]. In this case the thickness of the soft shell
should represent the characteristic dipole interactions’ cut-off
length. At this point it is not clear whether the dipole ‘cut-off’
distance should be taken as higher or lower than the tunnelling
one.

Besides, one should keep in mind that the presence of the
oxide layer on the surface of nanoparticles together with spin
surface disorder [61] could be the reason for the extremely
high coercive field values especially at low temperatures. As
a result, magnetization measurements alone provide valuable
information that, however, could lead to an underestimation
of the threshold value as irreversible behaviour caused by
dipole or exchange interactions could be misinterpreted as the
formation of a continuous percolation cluster.

We would like also to emphasize the influence of
deposition techniques and material composition. Our
data show certain similarities to DMIM of composition
Co80Fe20(t nm)/Al2O3(3 nm) reported in [23, 31]. However,
in that case metallic conductance is observed and continuous
CoFe layers are formed at t = 1.8 nm. Percolation of the
metallic layer was also found [22] for Co/SiO2 DMIM at
t = 2.0 nm. The nominal thickness of Fe layers at which
metallic conductance appears and a continuous Fe cluster is
formed are lower in our case. This could be caused by different
nucleation and growth conditions in the Fe/MgO system. It is
well known that deposition of Fe on single-crystal MgO at RT
gives rise to 2D epitaxial growth [43]. Complete coverage of
the MgO substrate by ultrathin sputtered Fe films was found
around six monolayers (ML). Taking into account that 1 ML
thickness [40] is ∼0.143 nm one could expect for certain
deposition conditions [43] continuous Fe film at t ∼ 0.9 nm.
This is quite different from the Co80Fe20(t nm)/Al2O3(3 nm)

system for which equal distance between metallic granules
in all spatial directions was predicted [24] for t = 0.9 nm.
However, one should keep in mind that Fe growth on MgO
is deposition condition sensitive and controversial results have
been reported for this system. For example, the percolation
threshold was detected by means of infrared transmission
spectroscopy at t � 0.7 nm for electron beam evaporated
Fe film deposited on MgO(001) air-cleaved surfaces and at
t � 1.0 nm for ultra-high vacuum cleaved surfaces [38].
Bulk-like Fe films of 5 ML thickness were deposited [39] by
electron beam evaporation at RT. Electron beam evaporated Fe
films of thickness up to 10 ML grown at 700 K were found
to be superparamagnetic but show ferromagnetic behaviour if
deposited at RT [40]. The influence of miscut angle of single-
crystal MgO substrates in the magnetic percolation of epitaxial

Fe films has been pointed out [43], as even for perfect 2D
growth the maximum lateral size of Fe domains in a 1 ML film
would be that of the substrate terraces. Also it was found that a
percolation cluster is formed before complete coverage of the
surface takes place [62]. Generally [35, 40–42], the formation
of continuous Fe films is reported for 10 ML thickness, which
corresponds to t ∼ 1.43 nm.

Very similar results were also reported [34] for Fe/ZrO2

multilayers prepared by magnetron sputtering. Continuous Fe
layers were formed for t > 1.2 nm. At the same time extended
x-ray absorption fine structure (EXAFS) and Mössbauer
spectroscopy confirm the development of amorphous or ill-
ordered continuous metallic layers with Fe–Fe bond lengths
slightly larger than in BCC iron at t as low as 0.6 nm. These
layers coexist with superparamagnetic Fe particles of a few
nm size and high-spin non-magnetic Fe2+ and Fe3+ ions. The
structure of the films with 0.6 nm < t < 0.9 nm was described
as: magnetic metal/not well defined ionic compound/oxide.
The relative amount of intermixed region decreases with t ,
and a multilayer with t = 1.5 nm was considered as one
with continuous metallic layers that has lost one monoatomic
iron layer by oxidation at each interface. Our films with
t < 0.61 nm represent an ensemble of superparamagnetic
particles with Fe core/FeOx shell structure [32] similar to that
reported in [34]. However, we do not detect any ferromagnetic
contribution in the range of t < 0.61 nm. The formation of
continuous Fe layers and the onset of ferromagnetism in our
case take place at t ∼ 0.8 nm.

The deposition conditions in our case are different from
those of [34–44] and we should not expect that the structural,
magnetic and transport properties of our films would show
one-to-one correspondence to those reported earlier. Judging
our magnetic and magnetotransport data, the sample with
t = 1.25 nm contains almost continuous though disordered
Fe layers. The structural state of Fe layers in the sample with
t = 0.81 nm (∼5.4 ML of Fe) could be described as a 2D
dendritic containing backbone with bottlenecks surrounded by
dead branches, i.e. Fe layers are percolated but conditions of
continuous coverage are not fulfilled. This structure together
with atomic disorder and surface oxidation cause a reduction
of AMR values and give rise to the activation mechanisms of
conductance observed in experiment.

4. Conclusions

Magnetic and transport measurements were used to study
the percolation process and formation of continuous metallic
layers in a series of granular Fe/MgO multilayers. Our
investigations confirm that in nanostructures in which
tunnelling is the dominant mechanism of conductance the
criterion TCR > 0 detached could mislead to percolation
threshold overestimation as it points not to the formation
of a percolation network but rather to the presence of a
continuous well ordered metallic layer. A negative temperature
coefficient of resistance could be found both for a system
of nanoparticles connected by tunnelling and in ill-ordered
ultrathin metallic films. Magnetometry used alone could lead
to an underestimation of the percolation threshold value due to
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the onset of cooperative behaviour of magnetic nanoparticles
caused by dipolar interactions. It was shown that, for
the investigated Fe/MgO structures, metallic particles form
geometrically percolated layers at nominal Fe thickness t =
0.81 nm. This is reflected both by the rapid decrease in
the film resistance and the onset of ferromagnetic properties.
Thickness and temperature dependences of conductance for
t > 0.81 nm give an example of a crossover from disordered
2D to a 3D metallic regime observed earlier for epitaxial
Fe films. Our data were compared with those published
previously for MgO/Fe/MgO granular trilayers and epitaxial
films, demonstrating good correlation and confirming the
general tendency of iron growth on the MgO substrate or
buffer layer. The obtained value of the nominal thickness
at which the infinite metallic percolation cluster is formed
is lower than for CoFe (Co) layers on Al2O3 (SiO2) oxides,
indicating differences in nucleation and growth of the metal
layer. This supports the statement that percolation processes in
nanostructures must be considered individually, depending on
the given material composition and growth procedure.
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