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The electrical properties of Fe-SiO, have been studied in the low-field regime (eAV < kgT), vary-
ing the injected current and the bias potential. Superparamagnetism and a resistance drop of
4400 Q (for a voltage variation of 15 V) were observed at room temperature. This resistance drop
increased at lower temperatures. The electrical properties were described with the “Mott variable
range hopping” model explaining the behavior of the electrical resistance and the electronic local-
ization length as due to the activation of new electronic paths between more distant grains. This
non-ohmic resistance at room temperature can be important for properties dependent of electrical
current (magnetoresistance, Hall effect, and magnetoimpedance). © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4898094]

Composites that consist of metallic grains embedded in
an insulating matrix are generally known as metal/insulator
granular films. The structural, electrical, and magnetic prop-
erties of these thin films have been extensively investigated
by many research groups,'™ and it has been shown that, in
these systems, the electrical conductivity is due to electrons
tunneling between grains and that magnetic and electrical
behaviors change significantly when the metal volume frac-
tion is modified.'

Metal/insulator granular thin films have two regimes of
electronic transport: the low-field regime, where the electri-
cal potential energy between grains is much lower than the
thermal energy, and the high-field regime, where this poten-
tial energy is higher or equal to the thermal energy."

Interesting effects in metal/insulator granulars were
reported when the applied current was changed in the low
field regime.’ The electrical resistance decreased with increas-
ing current (or potential) for Fe-AlLO;'* and Co-ALO;!! gran-
ular thin films, and the behavior was well described by Mott
variable range hopping.*™®

The magnetic and electrical properties of Fe-SiO, granular
thin films have been intensively studied'>™'> and a non—ohmic
behavior was reported;15 however, no detailed data were pre-
sented. One of the main interests in Fe-SiO, granular thin film
is the possibility to change several properties that depend on
electrical current (magnetoresistance,lf' Hall effect, and magne-
toimpedance). Until now, there was not an extensive study of
non-ohmic behavior in Fe-SiO, granular thin films.

In this work, we have compared the electrical resistan-
ces (R) and localization length (&) of Fe-SiO, granular film
as a function of the injected current and the bias potential in
the low-field regime, and explain the non-ohmic change in
the electrical properties as a result of Mott variable range

hopping.
The Fe-SiO, granular sample was deposited by co—sput-
tering at room temperature onto glass. Rutherford
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backscattering spectrometry (RBS) showed that the metal
volume fraction (x) is 0.22. Grazing incidence x-ray diffrac-
tometry (GIXRD), with an incidence angle of 2° in
Seemann-Bohlin geometry of a diffractometer (Shimadzu
XRD6000) using Cu-Ka radiation showed that the iron par-
ticles were crystalline «-Fe, with a mean grain size of 8-9 A
estimated from the width of the main diffraction peak using
the Scherrer formula. If the distribution of grains in the sam-
ple is homogeneous, the distance between grains (s), can be
estimated from x = (7/6)/(1 + (s/d))>," where x is the metal
volume fraction and d is the diameter of the grains. The cal-
culated distance is ~3 A.

The magnetization (M) was obtained using an alternat-
ing gradient field magnetometer at room temperature. The
electrical resistance experiments were carried out using the
four-point method with a distance of approximately 2 mm
between the electrical contacts. Direct current was injected
parallel to the sample plane. The resistance (R) vs. voltage
(V) measurements were performed in the range from 0 to
15V. The resistance as a function of temperature (7) was
measured between 80K and 300K. The highest potential
between the contacts separated by 2mm was 15V, placing
the measurements in the low-field regime.

The magnetization curve in Fig. 1 indicates superparamag-
netic behavior at room temperature, establishing the presence
of ferromagnetic grains in the insulator. In superparamagnet-
ism, there is no hysteresis, the magnetization curve is given by
a Langevin function, i.e., M = Mycoth(uH /KpT) — KT /uH,
where p is the magnetic moment of grains, H is the magnetic
field, and M, is the saturation magnetization.

Room temperature R vs. V measurements are shown in
Fig. 2. It can be seen that the resistance decreased with
increasing voltage. The resistance variation was extremely
high at room temperature, approximately 4400 Q for a volt-
age variation of 15V. The variations formerly observed in
Fe-Al,05 granularm were even higher (around 7000 Q for
10V at RT) than the observed in the present study. The Co-
AlLO5'"" system showed an analogous behavior, but with
lower resistance variation.

© 2014 AIP Publishing LLC
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FIG. 1. M as function of H at room temperature of the Fe-SiO, sample with
x=0.22.

As in the other granular films, in the present case, the
results are well described by Mott variable range hopping,
where for a determined electron pathway, the total electrical
resistance is the sum of the resistances of the individual hop-
ping steps. In Mott’s model, the resistance R varies with the
1/, power of the inverse temperature (T), according to Eq. (1)

T 1/4
R = Ryexp (%) 7 (1)

where R and T, are appropriate constants. In Mott variable
range hopping,™® the distance between two metal grains ()
can be correlated to the localization length (&) as r;~¢
(To/T)"*, while Ty = PA/NE, where S is a numerical factor,
N is the number of randomly distributed localized states in a
band with energy width A, centered at the Fermi level ¢f.
The R vs T measurements at 300 uA and 500 uA are
shown in Fig. 3, as a Ln R vs. T~ "* plot that allows better
visualization of the Mott 7~ "* behavior. The solid lines are
the fit using Eq. (1) from 100 to 150K (0.31 to 0.29 K~ /%)
and extrapolating for all temperatures. This fitting is very
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FIG. 2. Room temperature R vs. V curves of the Fe-SiO, sample with
x=0.22.
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FIG. 3. Ln R vs. T-"* curve for sample Fe-SiO, with x=0.22. The solid
lines are least squares fittings of the experimental data between 100K and
150K using Eq. (1).

good for temperatures below 150K (0.29 K~"4), but for tem-
peratures higher than 190K (0.27 K~ %) it deviates, suggest-
ing that a different T\, is necessary for temperatures above
190K.

Because of the non-ohmic behavior of the sample, we
realized R vs T measurements with direct currents of 100 uA,
200 pA, 300 uA, and 500 pA. The fitting of the experimental
data using Eq. (1) between 100 and 150K is shown in
Table I, indicating T, and the percentual variation of T
when compared to the 100 pA value. The observed behavior
was similar to that in Fe-Al,O5; and Co-Al,O5 granular thin
ﬁlms,lo’11 even though the variations of T\, were not as pro-
nounced as in those.

The R vs T plot of the Fe-SiO, sample using 300 uA and
500 pA is displayed in Fig. 4 and shows that the resistance is
systematically smaller at all temperatures when the current is
higher. In our hypothesis of new parallel pathways, this cor-
responds to the addition of a parallel resistance, which is
approximately 4—6 times bigger than the resistance between
neighboring grains. The thermal behavior of this parallel re-
sistance, however, is the same as the resistance at lower cur-
rent, because the percentage of reduction is maintained
throughout the temperature range.

When new paths are enabled between more distant
grains, r;; increases and each path has higher resistance.
Since the new paths, even though more resistant, are turned
on in parallel, the overall resistance R drops.

In Fig. 5, an idealized situation is depicted, where the
grains are hexagonally packed in a plane, with regular

TABLE I. T, temperature for different electrical currents.

Direct current (uA) Ty (K) (To(i)-To(100 uA)/To(100 nA) x 100 (%)
100 22271 0

200 18842 —15.4

300 17064 —234

500 15987 —28.2




143112-3 Boff et al.

T(K)

FIG. 4. R vs. T curves for the Fe-SiO, sample, using injected currents of
300 1A and 500 pA. The Ln R vs. T~ curves are presented.

FIG. 5. Idealized view of a densely packed plane of equally distributed
spheres of equal size with two different pathways: at lower currents, only
paths between nearest neighbors are active (black); while at higher currents,
a pathway between second nearest neighbors can be activated (grey/grey or
grey/black).

distances between them (roughly proportional to the dimen-
sions calculated for x =0.22). The black lines indicate elec-
tronic pathways between nearest neighbors (nn), while the
grey lines correspond to new pathways between second near-
est neighbors (snn), which are only activated at higher cur-
rents (or higher potential). In a hexagonal plane lattice with
9A spheres separated by 3 A, the distance between second
nearest neighbors is ~3 times the distance between nearest
neighbors. Considering a path from the grains A to D, with
the activation of a new path involving one snn and one nn
(via grain B) a decrease of 19% is achieved, while the path
involving two snn grains (via grain C) reduces the resistance
in 27%. If after approximately every 10 nn hoppings, one
parallel path involving a snn was activated, the overall
reduction would be around 10%. This would be plausible, if

Appl. Phys. Lett. 105, 143112 (2014)

the size of the spheres was distributed around a mean, imply-
ing that the distances between snn would be a distribution as
well, where the shorter distances would be favored as new
parallel paths first.

This physical description of the electronic pathways
explains the increase of resistance variation with current or
bias potential at lower temperatures as well. If a new path is
turned on in parallel at room temperature, the total resistance
of the sample decreases. If the new path is turned on at a
lower temperature, it will have a higher resistance and the
overall resistance variation will be higher.

Our study of Fe-SiO, granular thin film showed that:

When the current and or bias potential are increased in
the low-field regime, R and Ty decreased and, using the Mott
variable range hopping interpretation, the decrease of T,, was
associated with an increase of the localization length;

The resistance variation as a function of the current or
the bias potential was higher at lower temperatures;

The non-ohmic behavior of the metal/insulator granular
thin films in the low-field regime was interpreted as being
associated to new electronic paths between more distant
grains, which decreased the total resistance of the sample
and increased the localization length &.
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