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This paper reports on the magnetotransport behavior of Fe–Al2O3 granular thin films when the
injected dc current is varied. The electric resistance as a function of temperature, magnetoresistance,
and the current vs applied bias potential measurements were used to characterize the samples. It was
found that the transport mechanism which best describes the electronic properties of these samples
is variable range hopping. Non-Ohmic behavior was observed and is claimed as responsible for the
great modification of the electronic characteristics of the system as a function of the applied bias
potential. Inversion of the tunneling magnetoresistance is observed for applied bias potential greater
than 3 V. Such inverted magnetoresistance comes from the activation of low resistivity tunneling
paths that are promoted by increasing the bias potential. An expression is proposed to describe the
magnetoresistance behavior. ©2002 American Institute of Physics.@DOI: 10.1063/1.1479481#
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I. INTRODUCTION

Metal/insulator granular systems composed of grains
a ferromagnetic element~such as Fe, Co, or Ni! immersed in
an insulating matrix have been extensively studied in the
few years, mainly because they can present unique ma
totransport properties that make them good candidates
future technological applications. Granular solids can be e
ily obtained either by sputtering or by melt spinning, a
their microstructure can be significantly altered by therm
treatment methods prior or after its fabrication, thus allow
the production of a broad variety of granular structures, ch
acterized by their particle size distribution and density. T
electronic transport in these systems is believed to be de
mined by spin-dependent tunneling.1–7 Recently, severa
groups have shown that Fe–Al2O3 and Co–Al2O3 exhibit
high values of tunneling magneto-resistance.8–11 This work
reports on a detailed study of the electronic transport pr
erties of the Fe–Al2O3 granular thin films, through the en
semble analysis of the measurements of current vs app
bias~I vs V!, electric resistance vs temperature~R vs T!, and
magnetoresistance~MR!. Here MR is defined as MR5100
3@R(0)2R(H)#/R(0), where H is the applied magnetic
field.

II. EXPERIMENT

The Fe–Al2O3 films were obtained by coevaporation
Fe and Al2O3 at room temperature, in a system with a ba
pressure better than 131028 mbar, using as substrates pr
oxidized Si wafers. Both thickness and deposition rates,
variation of which allows different compositions to be o
tained, have been monitored by a computer controlled qu
balance. Rutherford backscattering spectrometry, using
MeV a particles, confirmed that our set of 1000 Å thic
9900021-8979/2002/91(12)/9909/6/$19.00
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samples had an average metal volume fractionx of 0.27,
0.33, 0.41, and 0.48 respectively. Room temperature X-
diffractometry employing CuKa radiation showed only
broad peaks withD2u52.6° corresponding to~110! reflec-
tions of bcc Fe grains. No substantial differences were
served between the spectra even when the linewidth of
~110! reflection of iron was monitored. The samples app
to be textured in a~110! direction. No reflections correspond
ing to the Al2O3 were observed. Using the Scherrer form
las, we concluded that the samples are composed of bc
clusters of 43 Å average size, embedded in an amorph
Al2O3 matrix. In addition, considering the samples as hom
geneous, the distance between two neighbor grains aro
40 Å ~overstimated!, and that the distance between the ele
trodes is 1 mm for an applied potential of 20 V, the ma
mum DV between two nearest individual grains was es
mated to be less than 0.2 mV, which is smaller thankBT (kB

is the Boltzmann constant!. This means that, even for a
applied potential of 20 V, the low field regime probab
holds.3

Plots of I versusV and ofR versusT for temperatures
ranging from 4.2 to 300 K, were obtained using a four-po
method, applying a constant dc current and monitoring
change ofV in a current-in-plane geometry. The resistan
was obtained usingR5V/I . The MR was measured using
dc injected current ranging from 1mA to 20 mA.

III. RESULTS AND DISCUSSION

Figure 1 shows theR versusT curve for the sample with
x50.41, where a negative temperature coefficient is
served. For low bias potential, as in the case of Fig. 1,
samples showR versusT curves, typical of granular sys
tems, i.e.,R increases when the temperature decreases1–3

One can notice that there is a temperatureT0 below whichR
9 © 2002 American Institute of Physics
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rises very rapidly. This temperature is an intrinsic property
the sample, and its physical interpretation depends on
theory used to explain it.T0 will depend on the structura
characteristics of the sample if the conductivity process
determined by thermal activation mechanisms, or it will d
pend on the localization length of the electrons if the el
tronic conductivity is governed by variable range hoppin
Samples with larger metallic volume fraction show a le
pronounced increase ofR whenT decreases than those wi
small metal volume fraction. This behavior can be describ
by the equation3

R5R0 exp~T0 /T!a, ~1!

whereT0 depends on the metallic concentration anda can
assume values of 1/2 for thermally activated hopping, a
1/4 for variable range hopping.6 Figure 2 presents the lnR
versusT21/4 plots as well as the fitting curves obtained
using Eq.~1!. TheT0 values derived from these fitting curve
are also given in this figure. Fora51/4, T0 is related to
electronic localization lengthj through the relationT0

5bM /(kBj3g0), wherebM51.5 andg0 is the constant Mott
density of states.12 The T21/4 dependence for the lnR vs
T21/4 curves given in Fig. 2 resulted in a better fitting th
the T21/2 dependence for the whole temperature range,
is, from 300 to 4.2 K. The possible interpretation is th
T21/4 dependence appears because the transport, in
present case, is between grains of larger sizes, where ch
effects have low influence. In apparent opposition, rec

FIG. 1. R vs T curve for the sample withx50.41.

FIG. 2. lnR vs T21/4 plots for samples withx50.27, 0.33, 0.41, and 0.48
for low applied dc current. The solid lines are the fittings using Eq.~1!.
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report in a similar system states that aT21/2 dependence was
found,13 within the temperature range of 300 to 100 K.
should be emphasized that the mean Fe grain size, in
present case, is greater than the one reported by Geet al.13

So, we conclude that the electronic transport for the
samples occurs via the variable range hopping.

The I versusV measurements were made at differe
temperatures for applied bias potential ranging from 0 to
V. All samples presented a non-Ohmic behavior. The tre
of these curves are better viewed through theR versusV
plots. Figure 3 presents theR versusV curves for the sample
with x50.33 at 200 and 300 K with applied magnetic field
0 and 60 kOe, white and black dots, respectively. A no
Ohmic behavior is observed, and a well defined transit
from high to low resistivity can be identified for applied bia
greater than 3 V, this effect being more pronounced at l
temperatures. Note that such non-Ohmic behavior is not
pected for these systems. It is also important to note that
MR inverts when the applied bias increases. This effect
be clearly seen by comparing the curves with white a
black dots. Associated to these observations one can di
guish three different regions in Fig. 3: region I, going from
to 3 V, where the tunneling can be described by varia
range hopping, a transition region, called region II, whe
new paths start to be turned on, decreasing the resistanc
the samples, and region III, above 6 V, where the low res
tivity paths are blocked at low temperatures. The low res
tivity paths can be activated by a long range hopping, e
tunneling between more distant grains through channels
are turned on when the electric field is increased. For
samples withx50.33 and 0.41 in region I,R increases when
the temperature decreases but for high bias, region IIIR
decreases with the lowering of the temperature. This beh
ior is unexpected for granular systems. The values of the
potential necessary to change the conductivity, as one g
from regions I to II and from regions II to III, depend on th
volume fraction of metal and on the structural characteris
of the system. The transition in the conductivity presented
regions II is unexpected and unexplained by the exist
theories.

Figure 4 shows the lnR dependence of the sample wit

FIG. 3. R vs V curves at 200 and 300 K for the sample withx50.33. The
magnetic field is equal to 0 and 60 kOe, white and black dots, respectiv
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x50.33 onT21/4 for two different currents. The same non
Ohmic characteristics presented in theI versusV curves
shown before are seen. When the injected dc current is
enough, a plateau appears in a certain temperature ra
This plateau can be ascribed to the low resistivity paths
are turned on when the bias potential increases as in thR
versusV curves. Note that the resistance is almost indep
dent of the temperature. In the plateau region, where
resistivity paths are active, the parameterT0 is very small
due to the high value of the localization length of the ele
trons. When the temperature decreases, these low resis
paths start to be blocked due to the Coulomb blockade
fects. As the Coulomb blockade starts, the resistance
creases back to the same values of the low bias case~Fig. 4!.

Going back to Fig. 3 it can be seen that MR inverts wh
the bias potential increases. In region I, the resistanc
lower for H560 kOe as compared with the resistance
H50 Oe, leading to a positive MR, while for high bia
region III, the situation is inverted, producing a negati
MR. This effect can be clearly seen in Figs. 5 and 6 for
sample withx50.41, where a plot ofR vs H at 200 and 40
K are presented. The magnetoresistance of this sample
measured with an injected dc current ranging from 1mA
~region I! to 20 mA~region II, near region III! as indicated in
Figs. 5 and 6. The magnetoresistance at low bias potentia~or
low dc current! shows only spin dependent tunneling. F
high bias~or high dc current! two components of MR are
evidenced. One is ascribed to an inversion of the elec
spin polarization, as described previously by Sharma14 and
De Tereza,15 as due to spin dependent tunneling, in the lo
magnetic field region. The other component is independ
of the magnetization and does not saturate up toH
530 kOe. For the variable range hopping conductivity p
cess, this component is associated to the decrease o
transmission probability when the magnetic field increase

This effect can be explained using the wave-funct
shrinkage model.16 For high bias potential, the resistance
the sample decreases due to the activation of low resist
paths, as depicted in Fig. 3, in regions II and III. In this ca
the conductivity is mainly due tod electrons.17 If the dis-
tance of hopping between two grains is sufficiently large,
DV between these grains also increases. If this value is h

FIG. 4. lnR vs T21/4 for the sample withx50.33 for two different applied
dc currents.
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enough, the difference between the Fermi level of thed band
of the two grains will be high and could give rise to a sp
inversion. This can be understood as follows: let us cons
the d bands of two Fe grains separated by a certain amo
as displayed in Fig. 7. Here we use bulkd bands only for
illustration; the reald bands for small grains should be di
ferent. In this figure we also consider that the magnetic m
ments of each grain are aligned parallel to each other. At
bias, the hopping takes place between grains short dista
apart, corresponding to smallDV, lowering by a small
amount the Fermi level of the grain at the right-hand si
Fig. 7~a!. As demonstrated in the figure, there are mo
empty states in the spin up than in the spin downd bands
~see the shaded area in the figure! so the tunneling curren
will be composed by spin up electrons mainly, generating
expected positive magnetoresistance. However, when
bias increases, the probability of long distance hopping a
increases. If the hopping takes place through long distan
DV between the two grains will be large enough, so it
expected that the Fermi level of the grain at the right-ha
side will move down to a position as depicted by Fig. 7~b!.
In this case, the number of empty states at the spin do
band is greater than those at the spin upd bands~see the
shaded area in the figure!, thus the electronic current will be
composed mainly by spin down electrons. The polarizat
of the tunneling current should be considered as the m
polarization of all possible paths for the tunneling electro

FIG. 5. Magnetoresistance of the sample withx50.41 at 200 K for different
dc currents, where the parameters are indicated in the figure. The solid
are the fittings using Eq.~2!.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

 18 Mar 2014 17:42:49



F

ar
th

-

-

d

-

-

l
t
le

fo
u
n

te

dif-

can
etic
he

ins

are
o-

e
ent

xi-
ue
ra-
nts

f
p-
les
ures

ery
ible
he

lin

nce.
.
.

9912 J. Appl. Phys., Vol. 91, No. 12, 15 June 2002 Boff et al.

 [This a
which can also assume negative values as illustrated by
7~b!. In the general case, we consider^Pi Pj& as the average
value of all tunneling trajectories among all grains that p
ticipate in the tunneling processes. To take into account
two components that appear in theR versusH curves, we
rewrite the expression for the resistance10 as follows:

R~H,T!5
R~0,T!

11^Pi Pj&m
2 exp~AH2!, ~2!

where the normalized magnetizationm of a superparamag
netic system is given by the Langevin function, i.e.,m
5coth(mH/kBT)2kBT/mH. Here, m’s are the magnetic mo
ments of the grains,R(0,T)5R, as in Eq.~1!, is the electric
resistance of the sample when the applied magnetic fiel
equal to 0,A5t1(e2j4/\2)(T0 /T)3/4, the parametert1 is
predicted to be.0.002 48, andT0 is the characteristic tem
perature for the case whena51/4 in Eq.~1!. The exponen-
tial term that appears in Eq.~2!, takes into account the com
ponent on the magnetoresistance that is independent on
magnetization.16,18 When A is very small, this exponentia
term goes to unity and the resistance is only dependen
the magnetization and on the mean polarization of the e
tronic current. The mean valuêPi Pj& is due to the spin
polarization of the electronic current, that is not the same
all grains that contribute to the tunneling conduction, b
depends on the hopping distance and the potential differe
between the grains. For very close grains and/or low po

FIG. 6. Magnetoresistance of the sample withx50.41 at 40 K for different
dc currents, where the parameters are indicated in the figure. The solid
are the fittings using Eq.~2!.
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tial difference between them,Pi5Pj and^Pi Pj&.P2; how-
ever, if the two grains are distant enough, the potential
ference can be high and̂Pi Pj& can be very different from
P2, even assuming negative values as depicted in Fig. 7~b!.
If ^Pi Pj& is negative, high values of magnetoresistance
be achieved, as shown in Figs. 5 and 6. For nonmagn
samplesm50, and the resistance will depend only on t
magnetic field value.

Using Eq.~2! with dc current values of 1mA, 100 mA,
15 mA, and 20 mA at 200 K, and assuming that all gra
have the same magnetic moment value, namelym
54000mB , the fittings of the magnetoresistance curves
presented as solid lines in Fig. 5. Taking the magnetic m
ment of 2.22mB per Fe atom and 2.87 Å for the lattic
constant of bcc Fe, it can be demonstrated that the mom
of 4000 mB corresponds to a mean grain size of appro
mately 43 Å. This is actually the room temperature val
extrated from the x-ray measurements. For lower tempe
ture,T540 K, the magnetoresistance curves for dc curre
of 10 mA, 50 mA, 100 mA, 400 mA, and 1 mA were fitted
through Eq.~2! ~see Fig. 6!, using a magnetic moment o
1600 mB , which corresponds to a mean grain size of a
proximately 32 Å. The association of these smaller partic
to the behavior of the magnetoresistance at low temperat
has also been observed by Hondaet al.19 for Fe– (SiO2)
granular films. As can be seen, the fitting curves are in v
good agreement with the experimental results. It is poss
to explain the MR component, which is independent of t

es

FIG. 7. Density of states for two Fe grains separated by a certain dista
Bulk Fe data are used in order to illustrate the spin inversion mechanism~a!
Low bias and short distance hopping;~b! high bias, long distance hopping
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magnetization through the increase of the localization len
j that is only the nonconstant term of the parameterA. For
low applied dc current, region I in Fig. 2,j is very short, the
exponential term approaches unity andPi5Pj5P2, thus Eq.
~2! reduces to the same equation presented by Zhu
Wang.10

The two grain sizes, used in the superparamagnetic fi
the experimental data cited above, can be compared with
critical diameter for superparamagnetic behavior,Dsp ~for
particles of sizes smaller thanDsp , thermal fluctuations will
enable spontaneous magnetization reversal to occur;
larger particles have their moments blocked in their origi
direction until a sufficiently large reversal field is applied!.
The thermal activation effects are usually examined via c
culations of the relaxation timet for the reversal of the mag
netization direction, given by the Arrhe´nius type equation20

t215 f 0 exp~2DE/kBT!. ~3!

Here f 0 is the attempt frequency whose value is genera
accepted to be 109 s21; recent measurements, however, ha
shown that this value can be as high as 1012 for iron oxide
materials21 or even 1013 for Fe– (SiO2) granular films.22 DE
is the height of the anisotropy energy barrier prohibiting
tation, whereDE5KuVp for uniaxial anisotropy particles
andDE5KcVp/4 for cubic anisotropy particles with positiv
first order anisotropy constantKc , which is the case of bcc
iron. Ku is the uniaxial anisotropy constant andVp is the
particle volume.

It is not difficult to calculate the maximum value forDsp

for a given temperature. Considering spherical particles w
cubic magnetocrystalline anisotropy, assuming a meas
ment time of 100 s and also assuming the largest value
f 0 , i.e., f 051013 s21, one obtainsDsp

max.6.4 (kBT/Kc)
1/3.

Using the temperature variation ofKc for bulk iron,23 Dsp
max is

estimated to be 137 and 242 Å forT540 and 200 K, respec
tively. Moreover, if the uniaxial~shape! anisotropy predomi-
nates over the cubic one, and assumingf 05109 s21, one can
estimate the lowest value for Dsp as Dsp

min

.3.6 (kBT/Ku)1/3. If Ku50.67Kc , which is the lowestKu

value above which the uniaxial anisotropy dominates o
the cubic one for a disordered system with random elon
tion directions,24 the correspondingDsp

min values are 88 and
155 Å for T540 and 200 K, respectively. As can be seen,
these values are rather larger than the ones used in th
tings performed here, thus assuring that the latter are re
sentatives of superparamagnetic particles at the tempera
under consideration.

For high applied dc current, regions II and III in Fig.
j increases and consequentlyA also. The exponential term
raise up with the magnetic field, and as a consequence
electric resistance increases and does not saturate, whi
different from the spin dependent term. For applied dc c
rents equal to 15 and 20 mA at 200 K,^Pi Pj& is negative,
thus MR is inverted. The behavior of the magnetoresista
indicates that the transition in theI versusV dependence can
be related to the activation of some low resistivity tunneli
paths that appear for a certain bias potential, namely 3
This leads to an increase ofj itself which promotes an en
hancement of the tunneling probability of electrons with
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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decrease of the total resistance. On the other hand, for
H values, the increase ofj will enhance the interference
effects in the electronic wave functions that leads to a ra
in the sample resistance with the applied magnetic field.
shown in Figs. 5 and 6, this component of the magnetore
tance does not saturate even for fields as high as 30 kO

IV. CONCLUSIONS

It was found that the basic electronic transport mec
nism in our samples is associated to a variable range h
ping. The I versusV measurements showed a non-Ohm
behavior caused by a change from a high to a low resisti
electronic regime that occurs when the localization lengtj
increases with the bias potential, as expected when low
sistivity channels are turned on. Three regions, which
dependent on the bias potential, temperature, and vol
fraction of the metal, could be identified in theR versusV
curves ~Fig. 3!. These three regions were characterized
follows: region I, with smallj, where the conductivity is due
to hopping between near neighboring grains. In this regi
the samples present high resistivity. The electric resista
decreases when a magnetic field is applied and a spin de
dent tunnel magnetoresistance is observed~positive MR!.
This region is very well described by the usual theories.3,9 In
region II, for bias potential greater than 3 V, new paths w
low resistivity associated to long localization length of ele
trons are created, and the total resistance of the sample
creases. In this region, an inversion of the MR is observ
The existing theories for granular systems3,4 cannot explain
the electronic transport in this region. Region III occurs f
high bias potential, where the resistance of the samples
creases and then saturates. In this region, high values o
verted MR can be achieved. The inverted MR has two co
ponents, one is due to an inversion of the spin polarization
tunneling electrons, and the other one is associated to
interference effects on the electron wave functions that
crease the resistance of the sample when the magnetic
increases. This effect is well described by the wave-funct
shrinkage model.16,18

The low resistivity of region III is related to an increas
of the localization length of the electrons that occurs wh
the bias potential is increased. Dependence of MR on app
bias potential was observed. The MR inverts from positive
negative when the applied bias increases above a ce
value that depends on the volume fraction of the iron.
modified expression for the resistance was proposed in o
to explain the dependence of the MR on the applied b
potential.
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