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This paper reports on the magnetotransport behavior of E&®-Agranular 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. ZD02 American Institute of Physic§DOI: 10.1063/1.1479481

I. INTRODUCTION samples had an average metal volume fractionf 0.27,
Metal/insulator granular systems composed of grains 09133’ 0.41, and 0.48 r-espectively. Rgom temperature X-ray
a ferromagnetic elemersuch as Fe, Co, or Nimmersed in diffractometry employing CuKa radiation showed only
o leroad peaks withlA26=2.6° corresponding t¢110 reflec-

an insulating matrix have been extensively studied in the Ias‘uons of bee Fe grains. No substantial differences were ob-

few years, mainly because they can present unique Magn&erved between the spectra even when the linewidth of the

iheir microstrucure dan be signicanty atered by hesmal1d ' e ALOs Were observed. Using the Scherret form-

treatment methods prior or after its fabrication, thus aIIowingIaS’ we concluded that the _samples are composed of bce Fe

the production of a broad variety of granular st’ructures charE:IUSterS Of.43 A average size, er_nbedded in an amorphous
' Al,O5; matrix. In addition, considering the samples as homo-

acterized by their particle size distribution and density. The eneous, the distance between two neighbor grains around

el_ectromc tran_sport in these syster_nf is believed to be dete4-0 A (overstimatey] and that the distance between the elec-
mined by spin-dependent tunnelifi). Recently, several

groups have shown that Fe—l; and Co—AO; exhibit trodes is 1 mm for an applied potential of 20 V, the maxi-

high values of tunneling maaneto-resistafick This work UM AV between two nearest individual grains was esti-
9 g mag : mated to be less than 0.2 mV, which is smaller thai (kg

repprts on a detailed study of thPT elgctronlc transport POPis the Boltzmann constantThis means that, even for an
erties of the Fe—AIO; granular thin films, through the en-

semble analysis of the measurements of current vs appli oﬁjlfgd potential of 20 V, the low field regime probably

bias(l vsV), electric resistance vs temperatgRevs T), and
magnetoresistancéMR). Here MR is defined as MR100
X[R(0)—R(H)]/R(0), whereH is the applied magnetic

Plots of | versusV and ofR versusT for temperatures
ranging from 4.2 to 300 K, were obtained using a four-point
method, applying a constant dc current and monitoring the

field. change ofV in a current-in-plane geometry. The resistance
was obtained usin®=V/I. The MR was measured using a
Il. EXPERIMENT dc injected current ranging from 4A to 20 mA.

The Fe—A}O; films were obtain(_ad by coevapqration of Il RESULTS AND DISCUSSION
Fe and A}O; at room temperature, in a system with a base
pressure better thanx110 8 mbar, using as substrates pre- Figure 1 shows th& versusT curve for the sample with
oxidized Si wafers. Both thickness and deposition rates, th&=0.41, where a negative temperature coefficient is ob-
variation of which allows different compositions to be ob- served. For low bias potential, as in the case of Fig. 1, all
tained, have been monitored by a computer controlled quartzamples showR versusT curves, typical of granular sys-
balance. Rutherford backscattering spectrometry, using 1.8ms, i.e.,R increases when the temperature decreses.
MeV « particles, confirmed that our set of 1000 A thick One can notice that there is a temperafligdoelow whichR
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FIG. 1. Rvs T curve for the sample witlx=0.41.
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rises very rapidly. This temperature is an intrinsic property of V (volts)
the sample, and its physical interpretation depends on thgIG 3 RysV 200 and 300 K for th e with 0.33. Th

: . - . 9. RVSV curves a an or the sample .90, e
theory us_ed_ to explam ItTO W”_I depend on the structural . magnetic field is equal to 0 and 60 kOe, white and black dots, respectively.
characteristics of the sample if the conductivity process is

determined by thermal activation mechanisms, or it will de-
pend on the localization length of the electrons if the electeport in a similar system states thaf a'’> dependence was
tronic conductivity is governed by variable range hopping.found!® within the temperature range of 300 to 100 K. It
Samples with larger metallic volume fraction show a lessshould be emphasized that the mean Fe grain size, in the
pronounced increase & whenT decreases than those with present case, is greater than the one reported bgtGe*
small metal volume fraction. This behavior can be describedso, we conclude that the electronic transport for these
by the equatioh samples occurs via the variable range hopping.

R=R, exp(To/T)*, (1) The | versusV mgasurements were que at different

temperatures for applied bias potential ranging from 0 to 20

where T, depends on the metallic concentration ang¢an V. All samples presented a non-Ohmic behavior. The trends
assume values of 1/2 for thermally activated hopping, angf these curves are better viewed through BieversusV
1/4 for variable range hoppirfgFigure 2 presents the R plots. Figure 3 presents tiieversusV curves for the sample
versusT ™ plots as well as the fitting curves obtained by with x=0.33 at 200 and 300 K with applied magnetic field of
using Eq.(1). TheT, values derived from these fitting curves g and 60 kOe, white and black dots, respectively. A non-
are also given in this figure. Far=1/4, T, is related to  Ohmic behavior is observed, and a well defined transition
electronic localization lengthé through the relationT,  from high to low resistivity can be identified for applied bias
= Bu/(kgé®go), WhereBy = 1.5 andgj is the constant Mott  greater than 3 V, this effect being more pronounced at low
density of state§’ The T~"* dependence for the R Vs  temperatures. Note that such non-Ohmic behavior is not ex-
T~ curves given in Fig. 2 resulted in a better fitting than pected for these systems. It is also important to note that the
the T2 dependence for the whole temperature range, thaiR inverts when the applied bias increases. This effect can
is, from 300 to 4.2 K. The possible interpretation is thatpe clearly seen by comparing the curves with white and
T~Y* dependence appears because the transport, in thgack dots. Associated to these observations one can distin-
present case, is between grains of larger sizes, where charggish three different regions in Fig. 3: region I, going from 0
effects have low influence. In apparent opposition, recenfp 3 V, where the tunneling can be described by variable
range hopping, a transition region, called region Il, where
new paths start to be turned on, decreasing the resistance of

16 .;Tﬁ,ilSLMKU“ - | the samples, and region lll, above 6 V, where the low resis-
ol 2286 K14 tivity paths are blocked at low temperatures. The low resis-
14 b tivity paths can be activated by a long range hopping, e.g.,
= tunneling between more distant grains through channels that
« 12} ol =141 K4 | are turned on when the electric field is increased. For the
5 samples wittk=0.33 and 0.41 in region R increases when
0l the temperature decreases but for high bias, regionRlI,
s decreases with the lowering of the temperature. This behav-
sl To# 75kl | ior is unexpected for granular systems. The values of the bias
potential necessary to change the conductivity, as one goes
6 . ) ) . . from regions | to Il and from regions Il to Ill, depend on the
02 03 04 05 06 07 08 volume fraction of metal and on the structural characteristics

of the system. The transition in the conductivity presented in
714 k- 1/4) . . : o
regions Il is unexpected and unexplained by the existing

FIG. 2. InR vs T~ ¥4 plots for samples witkx=0.27, 0.33, 0.41, and 0.48 theori_es. )
for low applied dc current. The solid lines are the fittings using @y. Figure 4 shows the IR dependence of the sample with
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x=0.33 onT~ Y4 for two different currents. The same non- »5r ) :
Ohmic characteristics presented in theversusV curves 540 - e " =15mA |
shown before are seen. When the injected dc current is high :
enough, a plateau appears in a certain temperature range.
This plateau can be ascribed to the low resistivity paths that

500 p R(0,T)=459.51 Q

A=8.04x 107

are turned on when the bias potential increases as ifRthe 480 Ng PiEpm-00R
versusV curves. Note that the resistance is almost indepen- 460 - T ﬁi":“gf%
dent of the temperature. In the plateau region, where low . . . . .
resistivity paths are active, the parameTeyis very small 30 20 -0 0 10 20 30
due to the high value of the localization length of the elec- H (kOe)

trons. When the temperature decreases, these low resistivity
paths start to be blocked due to the Coulomb blockade eft!G-5. Magnetoresistance of the samp]e V_Mitho.4_1 at 209 K for diﬁerer_lt _
. ._dc currents, where the parameters are indicated in the figure. The solid lines

fects. As the Coulomb blockade starts, the resistance ing, e fittings using Eq2).
creases back to the same values of the low bias (age4).

Going back to Fig. 3 it can be seen that MR inverts when
the bias potential increases. In region |, the resistance isnough, the difference between the Fermi level ofdhmand
lower for H=60 kOe as compared with the resistance forof the two grains will be high and could give rise to a spin
H=0 Oe, leading to a positive MR, while for high bias, inversion. This can be understood as follows: let us consider
region lll, the situation is inverted, producing a negativethe d bands of two Fe grains separated by a certain amount,
MR. This effect can be clearly seen in Figs. 5 and 6 for theas displayed in Fig. 7. Here we use bulkbands only for
sample withx=0.41, where a plot oR vs H at 200 and 40 illustration; the reald bands for small grains should be dif-
K are presented. The magnetoresistance of this sample wésrent. In this figure we also consider that the magnetic mo-
measured with an injected dc current ranging fronruA  ments of each grain are aligned parallel to each other. At low
(region ) to 20 mA(region Il, near region l)las indicated in  bias, the hopping takes place between grains short distance
Figs. 5 and 6. The magnetoresistance at low bias poténtial apart, corresponding to smallV, lowering by a small
low dc current shows only spin dependent tunneling. Foramount the Fermi level of the grain at the right-hand side,
high bias(or high dc currenttwo components of MR are Fig. 7(a). As demonstrated in the figure, there are more
evidenced. One is ascribed to an inversion of the electroempty states in the spin up than in the spin dadvbands
spin polarization, as described previously by Shdfremd  (see the shaded area in the figuse the tunneling current
De Terezd? as due to spin dependent tunneling, in the lowwill be composed by spin up electrons mainly, generating the
magnetic field region. The other component is independergxpected positive magnetoresistance. However, when the
of the magnetization and does not saturate up Ho bias increases, the probability of long distance hopping also
=30 kOe. For the variable range hopping conductivity pro-increases. If the hopping takes place through long distances,
cess, this component is associated to the decrease of the/ between the two grains will be large enough, so it is
transmission probability when the magnetic field increases.expected that the Fermi level of the grain at the right-hand

This effect can be explained using the wave-functionside will move down to a position as depicted by Figo)7
shrinkage mode!® For high bias potential, the resistance of In this case, the number of empty states at the spin down
the sample decreases due to the activation of low resistivithand is greater than those at the spindijpands(see the
paths, as depicted in Fig. 3, in regions Il and Ill. In this caseshaded area in the figurehus the electronic current will be
the conductivity is mainly due ta electrons.’ If the dis- composed mainly by spin down electrons. The polarization
tance of hopping between two grains is sufficiently large, theof the tunneling current should be considered as the mean
AV between these grains also increases. If this value is higpolarization of all possible paths for the tunneling electrons,
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FIG. 7. Density of states for two Fe grains separated by a certain distance.
Bulk Fe data are used in order to illustrate the spin inversion mechagasm.

FIG. 6. Magnetoresistance of the sample with0.41 at 40 K for different . . . - ; : ;
dc currents, where the parameters are indicated in the figure. The solid Iinel'sOW bias and short distance hoppirg) high bias, long distance hopping.

are the fittings using Eq2).

tial difference between thenk,; = P; and(PiPJ-)zPZ; how-
which can also assume negative values as illustrated by Figwer, if the two grains are distant enough, the potential dif-
7(b). In the general case, we considé;P;) as the average ference can be high and;P;) can be very different from
value of all tunneling trajectories among all grains that par-p?, even assuming negative values as depicted in Fly. 7
ticipate in the tunneling processes. To take into account the (P;P;) is negative, high values of magnetoresistance can
two components that appear in tReversusH curves, we  be achieved, as shown in Figs. 5 and 6. For nonmagnetic

rewrite the expression for the resistatfcas follows: samplesm=0, and the resistance will depend only on the
(0.T) magnetic field value.
R(H,T)= m exp(AH?), 2 Using Eq.(2) with dc current values of LA, 100 uA,
imj

15 mA, and 20 mA at 200 K, and assuming that all grains
where the normalized magnetizatiom of a superparamag- have the same magnetic moment value, namely
netic system is given by the Langevin function, i.en, =4000ug, the fittings of the magnetoresistance curves are
=coth(uH/ksT)—kgT/uH. Here, u's are the magnetic mo- presented as solid lines in Fig. 5. Taking the magnetic mo-
ments of the graindR(0,T)=R, as in Eq.(1), is the electric ment of 2.22ug per Fe atom and 2.87 A for the lattice
resistance of the sample when the applied magnetic field isonstant of bcc Fe, it can be demonstrated that the moment
equal to 0,A=t,(e?c*#%%)(T,/T)%* the parametet; is  of 4000 ug corresponds to a mean grain size of approxi-
predicted to be=0.002 48, andl, is the characteristic tem- mately 43 A. This is actually the room temperature value
perature for the case when=1/4 in Eq.(1). The exponen- extrated from the x-ray measurements. For lower tempera-
tial term that appears in EQR), takes into account the com- ture, T=40 K, the magnetoresistance curves for dc currents
ponent on the magnetoresistance that is independent on tloé 10 uA, 50 uA, 100 pA, 400 A, and 1 mA were fitted
magnetizatiort®*® When A is very small, this exponential through Eq.(2) (see Fig. 6 using a magnetic moment of
term goes to unity and the resistance is only dependent ob600 wg, which corresponds to a mean grain size of ap-
the magnetization and on the mean polarization of the eleggroximately 32 A. The association of these smaller particles
tronic current. The mean valugP;P;) is due to the spin to the behavior of the magnetoresistance at low temperatures
polarization of the electronic current, that is not the same fohas also been observed by Honegall® for Fe—(SiQ)

all grains that contribute to the tunneling conduction, butgranular films. As can be seen, the fitting curves are in very
depends on the hopping distance and the potential differengpod agreement with the experimental results. It is possible
between the grains. For very close grains and/or low potento explain the MR component, which is independent of the
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magnetization through the increase of the localization lengtlilecrease of the total resistance. On the other hand, for high
& that is only the nonconstant term of the paramétefFor  H values, the increase of will enhance the interference
low applied dc current, region | in Fig. Z,is very short, the effects in the electronic wave functions that leads to a raise
exponential term approaches unity ad= P;= P2, thus Eq. in the sample resistance with the applied magnetic field. As
(2) reduces to the same equation presented by Zhu anghown in Figs. 5 and 6, this component of the magnetoresis-
Wang?° tance does not saturate even for fields as high as 30 kOe.
The two grain sizes, used in the superparamagnetic fit of

the experimental data cited above, can be compared with the
critical diameter for superparamagnetic behaviog,, (for IV. CONCLUSIONS

particles of sizes smaller thdb,, thermal fluctuations will It was found that the basic electronic transport mecha-
enable spontaneous magnetization reversal to occur; thﬁsm in our Samp|es is associated to a variable range hop-
larger particles have their moments blocked in their originalping. Thel versusV measurements showed a non-Ohmic
direction until a sufficiently large reversal field is applied pehavior caused by a change from a high to a low resistivity
The thermal activation effects are usually examined via calelectronic regime that occurs when the localization lerigth
culations of the relaxation timefor thg reversal of the mag- increases with the bias potential, as expected when low re-
netization direction, given by the Arthiais type equatio!  sistivity channels are turned on. Three regions, which are
1 dependent on the bias potential, temperature, and volume
 =Toexp~AE/keT). ®  fraction of the metal, could be identified in tRversusvV
Here f, is the attempt frequency whose value is generallycurves(Fig. 3. These three regions were characterized as
accepted to be P51 recent measurements, however, havefollows: region I, with small, where the conductivity is due
shown that this value can be as high ag?1@r iron oxide o hopping between near neighboring grains. In this region,
materialé® or even 16° for Fe—(SiQ) granular films?? AE ~ the samples present high resistivity. The electric resistance
is the height of the anisotropy energy barrier prohibiting ro-decreases when a magnetic field is applied and a spin depen-
tation, whereAE=K,V,, for uniaxial anisotropy particles dent tunnel magnetoresistance is obseryedsitive MR.
andAE=K_V,/4 for cubic anisotropy particles with positive This region is very well described by the usual theofigin
first order anisotropy constait., which is the case of bcc region Il, for bias potential greater than 3 V, new paths with
iron. K, is the uniaxial anisotropy constant ai is the  low resistivity associated to long localization length of elec-
particle volume. trons are created, and the total resistance of the sample de-
Itis not difficult to calculate the maximum value fbr;, ~ creases. In this region, an inversion of the MR is observed.
for a given temperature. Considering spherical particles withThe existing theories for granular systethgannot explain
cubic magnetocrystalline anisotropy, assuming a measuréhe electronic transport in this region. Region Ill occurs for
ment time of 100 s and also assuming the largest value fdhigh bias potential, where the resistance of the samples de-
fo, i.e., fo=10"s™*, one obtainsD{*=6.4 (ksT/K.)'°. ~ creases and then saturates. In this region, high values of in-
Using the temperature variation kf, for bulk iron 23 Dg’g"‘is verted MR can be achieved. The inverted MR has two com-
estimated to be 137 and 242 A fbor=40 and 200 K, respec- ponents, one is due to an inversion of the spin polarization of
tively. Moreover, if the uniaxialshapé anisotropy predomi- tunneling electrons, and the other one is associated to the
nates over the cubic one, and assurfigg 10° s 1, one can  interference effects on the electron wave functions that in-
estimate the lowest value forDg, as DQ}',” crease the resistance of the sample when the magnetic field
=3.6 (kg T/K,)2 If K,=0.6%,, which is the lowesK increases. This effect is well described by the wave-function

value above which the uniaxial anisotropy dominates ovefhrinkage modeft®*®

the cubic one for a disordered system with random elonga- The low resistivity of region Ill is related to an increase

tion directions?* the correspondin@g}i,” values are 88 and Of the localization length of the electrons that occurs when

155 A for T=40 and 200 K, respectively. As can be seen, allthe bias potential is increased. Dependence of MR on applied

these values are rather larger than the ones used in the fRlias potential was observed. The MR inverts from positive to

tings performed here, thus assuring that the latter are repr&egative when the applied bias increases above a certain

sentatives of superparamagnetic particles at the temperaturéglue that depends on the volume fraction of the iron. A

under consideration. modified expression for the resistance was proposed in order
For high applied dc current, regions Il and IIl in Fig. 2, to explain the dependence of the MR on the applied bias

¢ increases and consequenflyalso. The exponential term potential.

raise up with the magnetic field, and as a consequence, the

e!ectrlc resistance increases and does not saturgte, which ASKNOWLEDGMENTS
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