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Enhanced Magnetoresistance in Insulating Granular Systems:
Evidence for Higher-Order Tunneling
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We study the temperature and bias-voltage dependence of the magnetoresistance (MR) in in
Co-Al-O granular films. The MR exhibits strong temperature dependence and is enhanced mo
20% at low temperatures, while it has no appreciable change in the bias-voltage dependenc
results provide clear evidence for the successive onset of higher-order processes of spin-de
tunneling between large granules through intervening small ones with strong Coulomb blockade
remarkable contrast between the temperature and bias-voltage dependence of the MR is con
explained. [S0031-9007(98)07235-4]

PACS numbers: 75.70.Pa, 73.40.Gk, 75.50.Cc, 81.05.Rm
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There has been a growing interest in the magnetore
tance of magnetic nanostructures since the discovery
giant magnetoresistance (GMR) in magnetic multilaye
[1] and granular alloys [2]. Among them, the observatio
of GMR in tunnel-type nanostructures, e.g., granular m
als in an insulating matrix [3–8], polycrystalline metal
with insulating grain boundaries [9,10], and in mesoscop
multitunnel junctions [11–13] has opened new perspe
tives. Of particular interest in such tunnel-type magne
nanostructures is not only to find new phenomena due
nanostructuring but also potential applications for magn
toresistive devices.

In the tunnel-type magnetic nanostructures, the cha
transport is caused by tunneling through insulating bar
ers. Electron tunneling depends on the relative orientat
of magnetic moments between ferromagnetic granules
electrodes (spin-dependent tunneling). The tunnel res
tance decreases when the magnetic moments of the g
ules are aligned in parallel in an applied magnetic fie
In addition, tunneling of electric charge into a small gra
ule or electrode increases the Coulomb energy by a cha
ing effect, which opens the Coulomb gap and strong
enhances the tunnel resistance (Coulomb blockade).
granular materials consisting of ferromagnetic metal gra
ules of nanometer size in an insulating matrix, the condu
tion of electrons involves a large number of granules w
a broad distribution of size and randomly oriented ma
netic moments. Therefore, we expect that the interp
between spin-dependent tunneling and Coulomb blocka
causes novel magnetoresistive phenomena inherent in
granular structure.

In this Letter, we report on the temperature an
bias-voltage dependence of MR in insulating Co-Al-
granular films. The MR exhibits an anomalous increa
at low temperatures but no indication of change with bi
voltage. We show that the anomalous increase of
MR indicates evidence for higher-order tunneling betwe
large granules through intervening small granules. W
emphasize that the existence of higher-order tunneling
0031-9007y98y81(13)y2799(4)$15.00
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a natural consequence of the granular structure, sin
broad distribution of granule size is an intrinsic prope
of granular systems.

Co-Al-O granular films (1 to2 mm in thickness) were
prepared on glass substrates using a reactive-sputte
technique with a Co-Al alloy target and mixed gas of Ar1

O2. Details of the sample preparation and the structu
characterization were described elsewhere [3,14]. T
perature dependence of electrical resistivity (r) and MR
were measured using a dc four-terminal method in
range of 2 to 300 K. The maximum applied magnetic fie
is 150 kOe, where the observed MR is close to satura
for any temperature, even at 300 K. The bias-voltage (Vb)
dependence of MR was measured at 4.2 K and 12 kO
the current-perpendicular-to-plane (CPP) geometry wh
the Co-Al-O granular films were sandwiched with upp
and lower electrodes of Au-Cr alloy.

Figure 1 shows the temperature dependence of the e
trical resistivity r for the Co-Al-O films with different
compositions: Co54Al 21O25, Co52Al 20O28, Co46Al 19O35,
and Co36Al 22O42. It is seen thatr increases with decreas
ing T and logr is approximately proportional to1y

p
T .

This behavior ofr is characteristic of insulating granu
lar systems and is attributed to the charging effect a
the broad size distribution of the nanometer-sized me
lic granules [15]. TEM micrographs [14] and numer
cal simulations for the superparamagnetic magnetiza
curves [16] reveal that the diameter of Co granulesd dis-
tributes from about 1.5 to 5 nm in Al-oxide matrix. Th
mean diameter of granuleskdl and the mean distance be
tween granulesksl are estimated to bekdl ­ 2 3 nm and
ksl ­ 1 nm or less, respectively. The difference in slo
of logr vs 1y

p
T is considered to be that in the chargin

energy, i.e.,1ykdl, of granules.
Figure 2 shows the temperature dependence of

for the Co-Al-O films. It is clearly seen that the MR
is remarkably enhanced at low temperatures while i
nearly independent of temperature above,100 K. For
Co36Al 22O42, the MR below 3 K is anomalously larg
© 1998 The American Physical Society 2799
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FIG. 1. r vs 1yT 1y2 for Co-Al-O films (black dots). Solid
lines represent the theoretical results given by Eq. (2) w
charging energyEc; a: EcykB ­ 110 K; b: EcykB ­ 25 K;
c: EcykB ­ 18 K; d: EcykB ­ 9 K.

and reaches more than twice the value given byP2
Coys1 1

P2
Cod [18], where the formula is half of that for magnet

tunnel junctions (MTJ) because of the difference betw
random and antiparallel alignment of magnetic mome
In the case of MTJ, the temperature dependence
MR is discussed on the basis of magnetic impurity
magnon scattering [19,20]. However, it is considered t

FIG. 2. Temperature dependence of MR for Co-Al-O film
Dashed lines represent the MR value ofP2

Coys1 1 P2
Cod

expected from spin polarization of Co,PCo ­ 0.34 [17], in Co-
based granular systems. Solid curves (a, b, c, andd ) represent
the theoretical MR given by Eq. (3) with spin polarizationP;
a: P ­ 0.306; b: P ­ 0.290; c: P ­ 0.275; d: P ­ 0.250.
Other parameters are the same as those in Fig. 1.
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magnetic impurity or magnon scattering does not give r
to the plateau in the temperature dependence of MR
in the present result observed above,100 K. Helman
and Abeles [21] proposed a theory of spin-depend
tunneling in insulating granular systems and predic
a temperature dependence1yT for MR. However, the
dependence1yT does not fit the present results.

Figures 3(a) and 3(b) showr and MR at 4.2 K, respec
tively, as functions of bias voltageVb for a Co36Al 22O42
film. r decreases rapidly by 3 orders of magnitude w
increasing bias voltage fromVb ­ 0 up to 600 mV. Nev-
ertheless, the magnitude of the enhanced MR is alm
constant. This is in clear contrast with the case of M
with macroscopic size, where both MR andr decrease
gradually with increasing bias voltage [20]. Furthermo
the bias-voltage dependence of MR is much smaller t
the temperature dependence of MR in Fig. 2. The fi
thickness of Co36Al 22O42 is 1 mm. kdl ­ 2 3 nm and
ksl , 1 nm, as mentioned above. We can consider t
about 200–300 of Co granules exist in the directi
normal to the film plane between the upper and low
electrodes. Therefore, the applied bias voltage per one
crojunction consisting of two neighboring Co granules m
be estimated to be 2–3 mV atVb ­ 600 mV, which cor-
responds to 20–30 K in temperature. As seen in Fig
the enhanced MR decreases rapidly with increasing t
perature and becomes flat around 20–30 K, while it is
dependent ofVb at least up to 600 mV.

FIG. 3. Bias-voltage (Vb) dependence ofr at H ­ 0 Oe (a)
and MR (b) for a Co36Al 22O42 film at 4.2 K. Open circles
represent the experimental results and solid curves represen
theoretical ones using the same parameter values as in F
The inset shows a schematic illustration of a Co-Al-O film f
the measurement in CPP geometry.
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Let us now turn to an interpretation of our experime
tal results, particularly, the enhancement of MR and
striking difference in theT andV dependence of MR. We
first propose a model for the magnetic granular syste
and present a mechanism for the enhancement as wel
consistent explanation for theT andV dependence. In the
magnetic granular systems, the fundamental quantities
determine the transport properties are (i) the charging
ergyEc required to generate (fully dissociated) positive
and negatively charged granules, (ii) a broad distribut
of Ec due to the variation of granule sized (Ec , e2yd),
and (iii) the tunneling probability depending on the re
tive orientation of magnetic moments between ferrom
netic granules.

The characteristic temperature dependence of the re
tivity, ln rsT d ~ 1y

p
T , observed in nonmagnetic granu

lar systems, has been explained on the basis of the m
[15] that the granules on each conduction path are eq
in size d and separated by barrier thicknesss, keeping
the ratio syd (or equivalentlyEcs) constant for a given
composition. An extension to the magnetic granular s
tems has been made by incorporating the effect of s
dependent tunneling into the model [18], yielding t
T -independent MR:Dryr0 ­ P2ys1 1 P2d. It should
be noted that the model makes a gross simplification
not taking into account tunneling between granules of d
ferent size. We extend the above model to include t
neling between those granules, which plays a crucial
for the MR in the magnetic granular systems.

In the granular systems with a broad distribution
granule size, it is highly probable that large granules
well separated from each other due to their low num
density (i.e., the larger the granule size is, the m
separated the granules are), and there may be a nu
of smaller granules between large granules as show
Fig. 4(a). For modeling the structural feature of granu
systems we assume that large granules with sizenkdl and
charging energykEclyn are separated by an array ofn
granules with average sizekdl and charging energykEcl
on a conduction path, as shown in Fig. 4(b).

The temperature dependence of the zero-bias con
tivity ssT d is calculated as follows: In the case of th
conduction path in Fig. 4(b), thermally activated char
carriers occupy the large granule of charging ene

FIG. 4. (a) Schematic illustration of granular structure a
a higher-order tunneling process where a charge carrie
transferred from the charged large granule (left), via the t
small ones, to the neutral large one (right). (b) Model struct
used for the calculation of conductivity.
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kEclyn in the probability proportional to the Boltzman
factor expf2kEcly2nT g in units of kB ­ 1. Since the
large granules are separated by the smaller ones,
ordinary tunneling of an electron from the large gra
ule to the small one increases the charging energy
dEc , 1

2 kEclys1 1 1ynd, and thus is suppressed by th
Coulomb blockade at low temperaturesT , dEc. In this
regime, the dominant contribution tossT d comes from
higher-order processes of spin-dependent tunneling w
the carrier is transferred from the charged large gran
to the neighboring neutral large granule through
array of small granules, using the successive tunnelin
single electrons, i.e., the cotunneling ofsn 1 1d electrons.
Figure 4(a) shows an example of the third order proc
(n ­ 2). Summing up all of these higher-order process
we have

ssT d ~
X
n

e2kEcly2nT fs1 1 P2m2de22ks0

gn11

3

√
spT d2

sdEcd2 1 g2sT d

!n

fsnd . (1)

Here,f· · ·g is the spin-dependent tunneling probability b
tween the neighboring granules,m ­ MyMs the magne-
tization normalized to the saturation magnetizationMs,
and s0 ­ 2nkslysn 1 1d with ksl being a mean separa
tion of granules with sizekdl. The factors· · ·dn repre-
sents the finite temperature effect that electrons (or ho
in the energy interval ofpT around the Fermi level partici
pate in the intermediate states of the higher-order proc
[22], and gsT d is the decay rate given bygsT d ø gT
with g being a constant [23]. The functionfsnd repre-
sents a distribution of the conduction paths. In Eq. (
expf4k̃nksl 2 kEcly2nT g is a peaked function ofn and
has its maximum atnp ­ skEcly8k̃kslT d1y2, wherek̃yk ø
1 1 s1y4kksld lnfsgypd2 1 skEcly2pT d2g. At low tem-
peratures (T ø kEcl), np becomes large so thatn is treated
as a continuous variable. Replacing the summation by
integration in Eq. (1) and using the method of steepest
scent [15], we obtain

ssT d ~ s1 1 P2m2dnp11snpyk̃ksld1y2fsnpd

3 expf22
q

2k̃ksl kEclyT g . (2)

In Fig. 1, the calculated resistivity form ­ 0 is shown by
the solid lines. Here and hereafter, we assumefsnpd ~

1ynp [24], and take2kksl ­ 3, g ­ 0.3, and the values
of kEcl indicated in Fig. 1. Our model reproduces theT
dependence of resistivity in Co-based granular films.

Because of the higher-order processes, the s
dependent part ofssT d in Eq. (2) is amplified to the
snp 1 1dth power of s1 1 P2m2d, so that ssT d is
sensitive to the applied magnetic field sincem varies
from m ­ 0 to m ­ 1 (the fully magnetized state) b
application of the magnetic field. Using Eq. (2) the M
Dryr0 ­ 1 2 fssT dgm­0yssT d, is expressed as

Dryr0 ­ 1 2 s1 1 m2P2d2snp11d. (3)
2801
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(b)
The calculated MR is shown by the solid curves in Fig.
where the value ofP is chosen to fit the experiment
data. For smallP2, Eq. (3) is approximated to be

Dryr0 ø P2m2s1 1

q
CyT d , (4)

whereC ­ kEcly8k̃ksl, indicating an anomalous increa
of Dryr0 at low temperatures due to the onset of high
order processes between larger granules, i.e.,np ~ 1y

p
T .

At T ­ 2 K, np takes the value of1.6, so that one or
two small granules intervene between larger ones in
higher-order processes. As seen in curvea, the MR grows
rapidly around 10 K well belowEc ­ 110 K. Similar
behavior is seen in a double junction system [25].

We next calculate the bias-voltage dependence of c
ductivity ssVbd at low temperatures.ssVbd at T ­ 0
is obtained if the factorspT d2n in Eq. (1) is replaced
by seDVbd2nys2nd! . s2eVbyNgd2n [22], where DVb ­
s2nyNgdVb is the voltage drop between the large granu
andNg the number of granules of sizekdl along a conduc-
tion path between the electrodes. At finite temperatu
we use the interpolation formulafspT d2 1 s2eVbyNgd2gn

for the factor. In addition, application of finite voltage r
duces effectively the charging energy:kEcleff ­ kEcl 2

eDVbysn 1 1d ø kEcl 2 eVbyNg. Making use of these
replacements, we obtainssVbd. Since the number of gran
ules along the conduction path is very large in the gran
films (Ng , several hundreds), the effective reduction
charging energy is small for a wide range ofVb, so we ne-
glect it in the following.

In Fig. 3(a), we show the calculated resistivity by t
solid curves forT ­ 4.2 K and Ng ­ 140. The steep
decrease of the calculated resistivity is in good agr
ment with that of the experimental data. For2ks ¿ 1,
rsVbdyr0 reduces tof1 1 s2eVbypNgT d2g2np

0 , where
np

0 ­ skEcly8kkslT d1y2. TheVb dependence of the MR i
also given by Eq. (3), wherẽk in np should readk̃yk ø
1 2 s1y4kksld lnfs4eVbyNgkEcld2 1 s2pTykEcld2g for
T ø kEcl. In Fig. 3(b), the calculated MR is shown b
the solid curve. The enhanced MR is maintained up
application of higher voltages, which is consistent w
the experimental result.

We discuss the origin of the striking difference in t
T and Vb dependence of the MR. From Eq. (3) f
smallP2, Dryr0 ø s1 1 npdP2, implying that the MR is
directly related to the order of tunneling processs1 1 npd.
As seen in the derivation of Eq. (2), the singular behav
np , 1y

p
T is brought about by the Boltzmann factor th

determines the carrier distribution on the granules.
temperature is lowered, the number of thermally activa
carriers decreases exponentially and they occupy
large granules whose charging energy is smaller, so
the order of tunneling processes increases rapidly w
decreasing temperature. On the other hand,Vb does not
affect directly the distribution of carriers. In addition, th
energy gain due to the voltage drop,VbyNg between
neighboring granules is still smaller than the charg
2802
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energy. Therefore the granular films show almost noVb

dependence in the MR.
In conclusion, we have studied the magnetotransp

phenomena in the Co-based insulating granular syste
The size distribution plays a crucial role for MR i
the granular structures. The anomalous increase of
MR at low temperatures is due to the successive on
of higher-order processes of spin-dependent tunne
between large granules through intervening small o
with strong Coulomb blockade. The enhanced MR sho
no appreciable change in the bias-voltage depende
despite the rapid decrease of resistivity with increas
voltage. The marked contrast between the tempera
and bias-voltage dependence of the magnetotrans
phenomena is consistently explained in terms of high
order tunneling in the granular structures.
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