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In order to investigate electrical and magnetic properties in discontinuous thin film structures in the temperature range from 10K to 340K,
multilayered structures of the type [bcc-Fe/non-magnetic amorphous NiBO/bcc Fe] were prepared both by MBE and sputter deposition under
UHV conditions. The electrical resistance of these systems shows a surprising strong transition from a conducting to a nonconducting state
as long as the temperature decreases, with unexpected anomalous electrical and magnetic properties. The initial results suggest that a certain
structural relaxation within the short range causes an ordering within the amorphous phase that plays an important role in the origin of the
observed transition.

Keywords: Electrical resistance; transition effects; magnetic properties; thin films; superlattices.

Con el objeto de investigar las propiedades eléctricas y magńeticas en estructuras discontinuas de pelı́culas delgadas, en el rango de tem-
peratura de 10K a 340K, se prepararon estructuras de multicapa delgada del tipo [bcc-Fe/no-magnético amorfo NiBO/bcc Fe], tanto por
medio de Epitaxia Molecular MBE, como por “sputtering”, bajo condiciones de alto vacı́o. La resistencia eléctrica de estos sistemas mostró
una transicíon sorprendentemente fuerte del estado conductor a un estado no conductor en función de la temperatura, mostrando también
inesperadas anomalı́as eĺectricas y magńeticas. Los resultados iniciales sugieren que cierta relajación estructural de corto rango provoca un
reordenamiento dentro de la fase amorfa, que podrı́a jugar un papel importante en el origen de la transición observada.

Descriptores: Resistencia eléctrica; efectos de transición; propiedades magnéticas; peĺıculas delgadas; superredes.

PACS: 71.30.+h; 72.20.My; 73.21.Fg; 75.70.Cn

1. Introduction

The interest on the behaviour of the resistivity of amor-
phous/crystalline ultra thin multilayered systems in an exter-
nal magnetic field is motivated by the search for new mag-
netic properties as well as the fundamental understanding of
the transport mechanisms in these inhomogeneous structures.

In general, there exist two kinds of amorphous transition
metal based alloys: a) Amorphous metal-metalloid systems,
and b) Amorphous metal-metal systems [1].

In these systems, the absence of a long range structural
order leads to a change in the characteristic properties of their
electronic structure in comparison to the crystalline materi-
als [2]. The mean free path of the conduction electrons in
amorphous alloys becomes almost comparable to the typical
length of the disorder, i.e. of the atomic spacing. As a result,
the resistivity in these strong scattering systems increases be-
cause of the disruption of the spatial periodicity of the lattice
potentials.

It is well known that annealing below the glass transition
temperature of amorphous metallic systems leads to changes
in several physical properties, such as the Curie temperature,
Young’s modulus, viscosity, density and electrical resistiv-
ity [3].

Such changes can be interpreted structurally as coming
from a local atomic rearrangement, with only a few jumps
per atoms. The kinetics of this structural relaxation in metal-
lic glasses has been particularly well studied [4].

Resistivity changes in amorphous/crystalline super-
lattices can also arise due to chemical clustering or other
changes in both chemical and topological short-range order-
ing.

In this letter we report on both, a strong
metal/semiconductor transition and an additional anomalous
magnetic behaviour of discontinuous granular Fe-NiBO thin
films. These films consist of magnetic metal nano-particles
embedded in an isolating oxide. The films are soft mag-
netic and possesses a high electrical resistivity ranging from
200µΩ cm to 500µΩ cm at room temperature. The resistiv-
ity increases (∼104µΩ cm) leads to a change from metallic
to non-metallic behaviour of the samples as the temperature
decreases, showing an abrupt reversible transition at about
260 K. At lower and room temperatures, the temperature
coefficient of resistivity shows weak positive temperature de-
pendence. Additionally, there exists an anomalous magneto-
resistance effect. A square dependence of the resistivity as
a function of the magnetic field at room temperature and a
GMR-like effect at low temperature were found.
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Different alloys with metal – oxide transition have been
widely studied. Theoretical models have already been dis-
cussed by Mott [14] and Anderson [15]. The importance of
such systems is because of the increasing technological inter-
est on unordered low dimensional systems, mainly for micro-
electronic applications, where nanostructured thin films have
proved to be good materials for high frequency devices with
high magnetic saturation and high electrical resistivity. Such
devices normally work in the range from some hundred MHz
to GHz.

2. Experimental details

Ultra-thin multi-layers samples consisting of crystalline Fe
and non-magnetic amorphous NiB (25 at% B) were deposited
onto chemically cleaned Si[100] substrates, both by UHV-
Sputtering with magnetron sources and by molecular beam
epitaxy (MBE).

The samples with the sequence [Fe(tFe)/a-
Ni70B20O10(tNiBO)]n / Fe(bufferlayer) were prepared in
the form of multilayers by magnetron sputtering from Fe-
and Ni70B20O10-targets onto a silicon [100] substrate held at
nitrogen temperature. The magnetron sources were operated
using argon sputtering gas at 10−2mbar in a UHV-system
with a base pressure of 10−8 mbar. Deposition rates were
controlled by using a quartz thickness monitor to approxi-
mately 0.05 nm/s. The structure, roughness and thickness
of the samples were determined using Grazing Incidence
X-ray Diffraction (GIXRD) at an angle of 1◦ and X-ray To-
tal Reflectivity. TEM observations were performed in some
samples in order to see the nanoscaled structure.

The magnetic and electrical characterization of the sam-
ples was performed by SQUID and magnetoresistance mea-
surements. The resistance of the multilayer samples as a
function of both temperature and applied magnetic field,
holding the temperature constant, was measured by a stan-
dard four point method.

FIGURE 1. X-Ray diffraction pattern of the [ Fe(1.8nm) / a-
NiB(1.8nm) / Fe(1.8nm) ] multilayer. The broad peak at 44.8◦ is
due to crystallineα- andγ-Fe phases and amorphous Ni-B.

FIGURE 2. X-Ray Total Reflectivity pattern of a) [ Fe(1.6nm) / a-
NiB(1.0nm)]x12 / Fe(5.0nm) on Si[100] sputtered multilayer and
b) [ Fe(1.5nm) / a-NiB(1.2nm)]x12 / Fe(5.0nm) on Si[100] MBE -
evaporated multilayer.

FIGURE 3. TEM image of a cross section of an
[Fe(10nm)/NiBO(5nm)]x3 on NaCl sputter-deposited thin film.
The ED pattern is also shown.

3. Experimental results

Superlattice peaks due to the periodicity of the multilayer
structure were not observed, which indicates diffuse inter-
faces between the individual layers. The roughness of the
surface is about 0.8 nm. A typical X-ray diffraction pattern
of a multilayer sample with a total thickness of 60 nm ex-
hibiting a broad amorphous maximum at 2Θ = 45◦ is shown
in Fig. 1. The position of this maximum agrees with the ex-
pected distribution for amorphous NiB. Additional peaks of
crystalline phases cannot be resolved in the GIXRD profiles.

Figure 2 shows the X-Ray Total Reflectivity pattern of
two samples: a) [ Fe(1.6nm) / a-NiB(1.0nm)]x12 / Fe(5.0nm)
on Si[100] sputtered multilayer and b) [ Fe(1.5nm) / a-
NiB(1.2nm)]x12 / Fe(5.0nm) on Si[100] MBE - evaporated
multilayer. Since a superlattice peak is not observed, as it
should be expected as a consequence of the periodicity of the
multilayered structure, it can be concluded that the studied
samples, prepared by alternatingα-Fe and amorphous NiBO
layers, do not form a well defined multilayer system.

Figure 3 shows the cross-sectional TEM image
together with the electron diffraction pattern of a
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[Fe(10nm)/NiBO(3nm)]x3 thin film structure. A network-
like structure consisting of nanocrystalline and amorphous
grains, dark and bright areas, respectively, can be seen. The
grain size is about 3 nm. The electron diffraction patterns
also indicate a mixture of amorphous and crystalline states.
Taking into account the transmissivity of electrons, it can be
concluded that the metallic grains are rich in heavy elements
such as Fe and Ni, and the intergrains contain mostly light
elements such as B, O and C.

The resistivity as a function of temperature of two dif-
ferent samples: a) Fe-NiBO double layer and c) Fe-NiBO
multilayered structure is shown in Figure 4. The FeNiBO-
system is metallic at room temperature with a resistivity rang-
ing from ρ ≈ 200 µΩ cm to ρ ≈ 300 µΩ cm; however, at
around 260K, it undergoes a reversible transition to a semi-
conductor state (∆ρ ≈ 104µΩ cm).

The high resistivity is probably due to the separation of
metallic particles through non-metallic ones. The abrupt
change in the resistivity is associated with a metal / non-
metal transition of amorphous phases. The multilayered sam-
ples, also exhibit a Giant Magneto-Resistance effect and un-
dergoe an insulator-metal transition. The conductivity prop-
erties are associated with electron jumps between metallic
grains through non-metallic intergrains. At low temperatures,
a charge ordering leads to Anderson-localization of conduc-
tion electrons, which favours insulating behaviour [5].

In the granular Fe-NiBO network structure consisting of
metallic and magnetic grains together with electrically resis-
tive particles, there exists a percolation of metallic and non-
metallic particles. Metallic conductivity occurs in association
with a tunnel-hopping conductance through the non-metallic
particles. A Log(ρ) ∼ T−1/4 - behaviour at low temperatures
was found (Fig. 6), which is typical for granular systems with
tunnel-hopping conductance [6].

FIGURE 4. Temperature-dependent resistivityρ of two different
sputter-deposited thin films: a) Fe(10nm)/NiBO(5nm) - double
layer, and b) [Fe(1.5nm)/NiBO(1.1nm)]x9 multilayer.

FIGURE 5. Temperature-dependent resistance of MBE-deposited
[Fe(2.5nm)/NiBO(1.0nm)]x9 / Fe(5.0nm) on Si[100] multilayer,
measured by driving the temperature up and down.

FIGURE 6. Plotted is 100/T1/4 versus Logρ derived from measure-
ments on structuredα-Fe/NiBO multilayer. The linear dependence,
typical for granular systems with tunnel-hopping conductance at
low temperatures, is observed.

The intensity of the transition from a conducting to a non-
conducting state depends on the structure of the individual
samples. In order to prove that the multilayer growth of the
films is essential for the occurrence of the effect, a sample
was prepared by co-deposition of the two materials. In this
sample which did not show the compositional and structural
variation on the nanometer scale across the film thickness, a
much smaller change in the resistivity was observed.

The resistance as a function of the magnetic field both
at room and low temperature shows quite anomalous magne-
toresistance effects. At room temperature, a square increase
of resistance (Fig. 7) is observed, which agrees with the
Kohler-Theory for ferromagnetic materials [7]. At low tem-
peratures, a GMR-like effect is found, showing a decrease of
resistance to about 1% when a magnetic field is applied.

Rev. Mex. F́ıs. S53 (7) (2007) 240–244
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FIGURE 7. Magnetoresistance effect at (a) low and (b) room tem-
peratures of an [Fe(10nm)/NiBO(5nm)] double layer structure.

From the combination of the structural characterisation
by GIXRD, the multilayer samples can be described as a pe-
riodic structure with a gradual variation of composition from
iron rich to nickel rich phases. In order to reveal the mech-
anism causing the magnetoresistance effects in amorphous-
crystalline multilayers, SQUID Magnetometer measurements
were performed (Fig. 8). The nickel atoms in the amor-
phous Ni(Fe)-B phase carry no magnetic moments. At low
iron concentration, this amorphous phase shows spin glass
behaviour [8]. The magnetisation measurements in the ZFC
(Zero Field Cooled) and in the FC (Field Cooled) mode
showed a characteristic behaviour of spin glasses as well as
of superparamagnetic materials. In Fig. 8, a representative
ZFC/FC magnetisation curve is plotted. The field depen-
dence of the freezing or blocking temperature Tf , which is
defined by the separation point of the ZFC and FC curves,
obeys a H2/3 law and agrees with the theory of spin glasses
and superparamagnetic materials [9,10]. In the H2/3 versus
Tf -plot shown in Fig. 9, two separate regions can be dis-
tinguished, which originate from two magnetically separated
regions.

FIGURE 8. Zero Field Cooled and Field Cooled magnetization
curves as measured by SQUID-Magnetometer.

FIGURE 9. Plotted is the freezing temperature,i.e. the separa-
tion point of the ZFC and FC curves versus H2/3. The linear de-
pendence in the two separate parts agrees with the theory of spin
glasses and superparamagnetism.

The experimental evidence of the anomalous metal-
semiconductor transition in granular microstructure is quite
clear, and the results are reproducible on several samples with
different structural composition.

4. Conclusion

The studied thin film structures of Fe-NiBO showed a strong
metal-semiconductor transition after the preparation method
or preparation parameters. The structure of the samples con-
sists of a network of crystalline and amorphous metallic de-
positions enriched with magnetic elements, which are sepa-
rated by a non-metallic phase rich in light elements.

The relatively high resistivity at room temperature is first
of all because of the highly disordered phases of the samples.
The higher resistivity at low temperature is a consequence of
the separation of metallic and non-metallic phases, and it is
possible that the conduction will occur anyhow through tun-
nel hopping processes.

The Fe-NiBO heterogeneous films showed an unexpected
metal – semiconductor transition, with a strong change in
the resistance, up to 185 times the resistance value at room
temperature. This transition depends on the microstructure
of samples. On the other hand, an anomalous magneto-
resistance effect both at room- and low-temperatures was
found. A quadratic dependence of the resistance as a func-
tion of external magnet field at room temperature, as well as
a decrease of the resistance like Tunnel Magneto Resistance
Effect at low temperature was observed.

The presence of the quadratic dependence of the resis-
tance on the magnetic field at room temperature can be due to
the complicated band structure in the sample. In this case, the
magneto resistance proportionally decreases to H2 for weak
magnetic fields. This effect is due to the Lorentz force acting
upon the conduction electrons, and it is meaningful when the
mean free path (lo) is of the same order of magnitude as the
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electronic band radius (ro) in an external magnetic field. Con-
sequently, even for nominal high magnetic fields on strongly
disordered systems, the relationship lo/ro ≈ 1 can still be ver-
ified. As a result, the resistance increases in these strong scat-
tering systems because of the disruption of the spatial period-
icity of the lattice potentials, so that it is still possible to get a
quadratic dependence after the Kohler model.

At low temperatures, the observed decreases of the resis-
tance as a function of the magnetic field can be explained as
a consequence of the spin scattering dependence in the local
spin system of antiferromagnetic phases. Nevertheless, so
far, the existence of an antiferromagnetic GMR like coupling
can not be concluded.

At low temperatures an additional relaxation of the mag-
netization as a function of time was observed. This effect
seems to be like the behaviour of spin glass systems. The
ZFC- and FC- measurements show, in fact, a characteristic
spin glass temperature Tf , in which a cooling effect of spins
without a periodic long range magnetic order appears.

In conclusion, it can be said that as-sputtered Fe/NiBO
multilayered system results in a discontinuous nanocrys-
talline structure with different metallic and non-metallic re-
gions. The samples were characterised by an anomalous
magnetic behaviour, a relatively high electrical resistance and
a metal-nonmetal reversible transition at 260 K. The low
temperature region is characterised by a weak GMR effect.
Above the transition temperature, the magnetoresistance be-
comes positive with a square dependence of applied magnetic
field. Based on the experimental evidence presented, the fol-

lowing explanation of the observed effect can be given. The
sample is structurally heterogeneous and exhibits, as a conse-
quence of the multilayer deposition, a gradient of the elemen-
tal concentrations and phase distribution. Interdiffusion of Fe
into Ni-BO and Ni and B from the a-NiBO into Fe results in
the formation of different phases and clusters. The electri-
cal and magnetic properties arise from a kind of percolation
of metallic particles. The observed metal-nonmetal transition
is attributed to a metal - oxide transition mechanism like in
NiFe2O3, which shows a resistivity anomaly due to charge
reordering by electronic jumps between Fe2+ and Fe3+ mag-
netic ions [14]. Metallic conductivity in this kind of systems
is governed by a tunnel-hopping conductance [15].

So, it can be pointed out that the interesting properties
coming from the soft magnetic Fe-NiBO granular thin films
are obviously related to the nature of the microstructure of the
mixed amorphous and nano-crystalline phases, which makes
these materials promising for technical applications in high
frequency devices.

Nevertheless, further experimental evidences, such as
Mossbauer measurements are in progress for a better under-
standing of the magnetic and electrical behaviour of these
heterogeneous systems.
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