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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 insulating
Co-Al-O granular films. The MR exhibits strong temperature dependence and is enhanced more than
20% at low temperatures, while it has no appreciable change in the bias-voltage dependence. The
results provide clear evidence for the successive onset of higher-order processes of spin-dependent
tunneling between large granules through intervening small ones with strong Coulomb blockade. The
remarkable contrast between the temperature and bias-voltage dependence of the MR is consistently
explained. [S0031-9007(98)07235-4]

PACS numbers: 75.70.Pa, 73.40.Gk, 75.50.Cc, 81.05.Rm

There has been a growing interest in the magnetoresis natural consequence of the granular structure, since a
tance of magnetic nanostructures since the discovery dfroad distribution of granule size is an intrinsic property
giant magnetoresistance (GMR) in magnetic multilayersf granular systems.

[1] and granular alloys [2]. Among them, the observation Co-Al-O granular films (1 t@ wm in thickness) were

of GMR in tunnel-type nanostructures, e.g., granular metprepared on glass substrates using a reactive-sputtering
als in an insulating matrix [3—8], polycrystalline metals technique with a Co-Al alloy target and mixed gas of Ar

with insulating grain boundaries [9,10], and in mesoscopid),. Details of the sample preparation and the structural
multitunnel junctions [11-13] has opened new perspeceharacterization were described elsewhere [3,14]. Tem-
tives. Of particular interest in such tunnel-type magnetigperature dependence of electrical resistivip) @nd MR
nanostructures is not only to find new phenomena due twere measured using a dc four-terminal method in the
nanostructuring but also potential applications for magnerange of 2 to 300 K. The maximum applied magnetic field
toresistive devices. is 150 kOe, where the observed MR is close to saturation

In the tunnel-type magnetic nanostructures, the chargfr any temperature, even at 300 K. The bias-voltdgg (
transport is caused by tunneling through insulating barridependence of MR was measured at 4.2 K and 12 kOe in
ers. Electron tunneling depends on the relative orientatiothe current-perpendicular-to-plane (CPP) geometry where
of magnetic moments between ferromagnetic granules dhe Co-Al-O granular films were sandwiched with upper
electrodes (spin-dependent tunneling). The tunnel resisnd lower electrodes of Au-Cr alloy.
tance decreases when the magnetic moments of the gran-Figure 1 shows the temperature dependence of the elec-
ules are aligned in parallel in an applied magnetic fieldtrical resistivity p for the Co-Al-O films with different
In addition, tunneling of electric charge into a small gran-compositions: CgAl,;0,5, Cos52Al0055, CayAl 19035,
ule or electrode increases the Coulomb energy by a chargnd CggAl,,04,. Itis seen thap increases with decreas-
ing effect, which opens the Coulomb gap and stronglying T and logp is approximately proportional td/+/T.
enhances the tunnel resistance (Coulomb blockade). [hhis behavior ofp is characteristic of insulating granu-
granular materials consisting of ferromagnetic metal grankar systems and is attributed to the charging effect and
ules of nanometer size in an insulating matrix, the conducthe broad size distribution of the nanometer-sized metal-
tion of electrons involves a large number of granules withic granules [15]. TEM micrographs [14] and numeri-
a broad distribution of size and randomly oriented mag-cal simulations for the superparamagnetic magnetization
netic moments. Therefore, we expect that the interplagurves [16] reveal that the diameter of Co granuledis-
between spin-dependent tunneling and Coulomb blockadeibutes from about 1.5 to 5 nm in Al-oxide matrix. The
causes novel magnetoresistive phenomena inherent in tineean diameter of granuléd) and the mean distance be-
granular structure. tween granulesés) are estimated to bg/) = 2-3 nm and

In this Letter, we report on the temperature and(s) = 1 nm or less, respectively. The difference in slope
bias-voltage dependence of MR in insulating Co-Al-Oof logp vs 1/+/T is considered to be that in the charging
granular films. The MR exhibits an anomalous increasesnergy, i.e.]/{d), of granules.
at low temperatures but no indication of change with bias Figure 2 shows the temperature dependence of MR
voltage. We show that the anomalous increase of thér the Co-Al-O films. It is clearly seen that the MR
MR indicates evidence for higher-order tunneling betweens remarkably enhanced at low temperatures while it is
large granules through intervening small granules. Weearly independent of temperature abové00 K. For
emphasize that the existence of higher-order tunneling i€0cAl 204, the MR below 3 K is anomalously large
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magnetic impurity or magnon scattering does not give rise

10° | _
: to the plateau in the temperature dependence of MR, as
5 in the present result observed abov&00 K. Helman
10°F and Abeles [21] proposed a theory of spin-dependent
= 75 tunneling in insulating granular systems and predicted
é}) 10" a temperature dependenég¢? for MR. However, the
= | dependencé/T does not fit the present results.
108 : Figures 3(a) and 3(b) showwand MR at 4.2 K, respec-
< tively, as functions of bias voltagg, for a CagAl2,04,
10° L film. p decreases rapidly by 3 orders of magnitude with
increasing bias voltage froi¥i, = 0 up to 600 mV. Nev-
N ertheless, the magnitude of the enhanced MR is almost
10 0 0.1 0.2 0.3 0.4 05 constant. This is in clear contrast with the case of MTJ

T—1/2 (K—1/2) with macroscopic size, where both MR apddecrease
gradually with increasing bias voltage [20]. Furthermore,
FIG. 1. p vs 1/T'? for Co-Al-O films (black dots). Solid the bias-voltage dependence of MR is much smaller than
lines represent the theoretical results given by Eq. (2) withthe temperature dependence of MR in Fig. 2. The film
charging energyk.; a: E./kg =110 K; b1 Ec/kg =25K;  thickness of CgAl»Ou is I um. (d) = 2-3 nm and
¢t Ec/kp = 18 K; d: Ec/kp = 9 K. (s) ~ 1 nm, as mentioned above. We can consider that
X ) about 200-300 of Co granules exist in the direction
ar21d reaches more than twice the value giverPby/(1 + . normal to the film plane between the upper and lower
Pg,) [18], where the formula is half of that for magnetic g|ectrodes. Therefore, the applied bias voltage per one mi-
tunnel junctions '(MTJ) bec'ause of the dn‘ferer]ce betwee'&rojunction consisting of two neighboring Co granules may
random and antiparallel alignment of magnetic moments e estimated to be 2—3 mV &, = 600 mV, which cor-
In the case of MTJ, the temperature dependence %sponds to 20—30 K in temperature. As seen in Fig. 2,
MR is discussed on the basis of magnetic impurity Ofipe enhanced MR decreases rapidly with increasing tem-
magnon scattering [19,20]. However, it is considered thaberature and becomes flat around 20—30 K, while it is in-
dependent o¥/,, at least up to 600 mV.
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FIG. 2. Temperature dependence of MR for Co-Al-O films.

Dashed lines represent the MR value &f./(1 + P%,)  FIG. 3. Bias-voltage\(,) dependence op at H = 0 Oe (a)
expected from spin polarization of CB¢, = 0.34 [17],in Co- and MR (b) for a CgAl»O4, film at 4.2 K. Open circles
based granular systems. Solid curvesH, c, andd) represent represent the experimental results and solid curves represent the
the theoretical MR given by Eq. (3) with spin polarizatidn theoretical ones using the same parameter values as in Fig. 2.
a: P =0.3006; b: P =0.290; c: P =0.275; d: P = 0.250. The inset shows a schematic illustration of a Co-Al-O film for
Other parameters are the same as those in Fig. 1. the measurement in CPP geometry.
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Let us now turn to an interpretation of our experimen-(E.)/n in the probability proportional to the Boltzmann
tal results, particularly, the enhancement of MR and thdactor exp—(E.)/2nT] in units of kg = 1. Since the
striking difference in thg andV dependence of MR. We large granules are separated by the smaller ones, the
first propose a model for the magnetic granular systemerdinary tunneling of an electron from the large gran-
and present a mechanism for the enhancement as well asiee to the small one increases the charging energy by
consistent explanation for tifeandV dependence. Inthe §E, ~ %(Ec>/(1 + 1/n), and thus is suppressed by the
magnetic granular systems, the fundamental quantities th@oulomb blockade at low temperaturEs< SE.. In this
determine the transport properties are (i) the charging enegime, the dominant contribution t@(7) comes from
ergy E. required to generate (fully dissociated) positively higher-order processes of spin-dependent tunneling where
and negatively charged granules, (ii) a broad distributionthe carrier is transferred from the charged large granule
of E. due to the variation of granule size(E. ~ ¢*/d), to the neighboring neutral large granule through the
and (iii) the tunneling probability depending on the rela-array of small granules, using the successive tunneling of
tive orientation of magnetic moments between ferromagsingle electrons, i.e., the cotunneling(aef + 1) electrons.
netic granules. Figure 4(a) shows an example of the third order process

The characteristic temperature dependence of the resig: = 2). Summing up all of these higher-order processes,
tivity, In p(T) « 1/+/T, observed in nonmagnetic granu- we have
lar systems, has been explained on the basis of the model
[15] that the granules on each conduction path are equal o (T) = Ze—<Ec>/2nT[(1 + P2p?)e s et
in size d and separated by barrier thicknesskeeping n
the ratios/d (or equivalentlyE.s) constant for a given (7T)? "
composition. An extension to the magnetic granular sys- v o o | ().

\ ) . (BE.)* + y*(T)
tems has been made by incorporating the effect of spin-
dependent tunneling into the model [18], yielding theHere,[---] is the spin-dependent tunneling probability be-
T-independent MR:Ap/po = P?/(1 + P?). It should tween the neighboring granules, = M /M, the magne-
be noted that the model makes a gross simplification byization normalized to the saturation magnetizatid,
not taking into account tunneling between granules of difand s’ = 2n{s)/(n + 1) with (s) being a mean separa-
ferent size. We extend the above model to include tuntion of granules with sizéd). The factor(---)" repre-
neling between those granules, which plays a crucial roleents the finite temperature effect that electrons (or holes)
for the MR in the magnetic granular systems. in the energy interval ofrT around the Fermi level partici-

In the granular systems with a broad distribution inpate in the intermediate states of the higher-order process
granule size, it is highly probable that large granules ar§22], and y(T) is the decay rate given by(T) = gT
well separated from each other due to their low numbewith g being a constant [23]. The functiofin) repre-
density (i.e., the larger the granule size is, the moresents a distribution of the conduction paths. In Eq. (1),
separated the granules are), and there may be a numbexg4in(s) — (E.)/2nT] is a peaked function of and
of smaller granules between large granules as shown inas its maximum at* = ((E.)/8&%(s)T)"/2, wherek /x =~
Fig. 4(a). For modeling the structural feature of granularl + (1/4x(s))In[(g/7)> + (E.)/27T)*]. At low tem-
systems we assume that large granules with (@@ and  peratures] < (E.)), n* becomes large so thais treated
charging energyE.)/n are separated by an array @f as a continuous variable. Replacing the summation by the
granules with average siz@) and charging energ{£.) integration in Eq. (1) and using the method of steepest de-
on a conduction path, as shown in Fig. 4(b). scent [15], we obtain

The temperature dependence of the zero-bias conduc- I N DN Y
tivity o(T) is calculated as follows: In the case of the o(T) o (1+ P2m?)" (" /R(s))' 2 (")
conduction path in Fig. 4(b), thermally activated charge X exd —24/2k(s){E.)/T]. 2

carriers occupy the large granule of charging energy, Fig. 1, the calculated resistivity far = 0 is shown by

the solid lines. Here and hereafter, we assuffig’) o«
1/n* [24], and take2x(s) = 3, g = 0.3, and the values

(1)

(@) Q (b) of (E.) indicated in Fig. 1. Our model reproduces the
O O O dependence of resistivity in Co-based granular films.
O O O n Because of the higher-order processes, the spin-
Q O"'OO dependent part ofr(7T) in Eq. (2) is amplified to the
(n* + Dth power of (1 + P?m?), so that o(T) is
OO0o sensitive to the applied magnetic field singe varies

FIG. 4. (a) Schematic illustration of granular structure andfrom m =0 to m =1 (the fully magnetized state) by
a higher-order tunneling process where a charge carrier iapplication of the magnetic field. Using Eq. (2) the MR,

transferred from the charged large granule (left), via the twoAp /pg = 1 — [o(T)],u=0/ o (T), is expressed as
small ones, to the neutral large one (right). (b) Model structure

used for the calculation of conductivity. Ap/po=1— (1 + m*>P>)~ '+, (3)
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The calculated MR is shown by the solid curves in Fig. 2,energy. Therefore the granular films show almostifo
where the value ofP is chosen to fit the experimental dependence in the MR.

data. For smalP?, Eq. (3) is approximated to be In conclusion, we have studied the magnetotransport
phenomena in the Co-based insulating granular systems.
Ap/po = P*m*(1 +4/C/T), (4) The size distribution plays a crucial role for MR in

the granular structures. The anomalous increase of the

whereC = (E.)/8k(s), indicating an anomalous increase MR at low temperatures is due to the successive onset
of Ap/po at low temperatures due to the onset of higher-of higher-order processes of spin-dependent tunneling
order processes between larger granules,i’ex 1//T.  between large granules through intervening small ones
At T =2 K, n”* takes the value of.6, so that one or with strong Coulomb blockade. The enhanced MR shows
two small granules intervene between larger ones in thao appreciable change in the bias-voltage dependence
higher-order processes. As seen in curythe MR grows  despite the rapid decrease of resistivity with increasing
rapidly around 10 K well belowE. = 110 K. Similar  voltage. The marked contrast between the temperature
behavior is seen in a double junction system [25]. and bias-voltage dependence of the magnetotransport

We next calculate the bias-voltage dependence of corphenomena is consistently explained in terms of higher-
ductivity o(V,) at low temperatures.o(V,) at T = 0  order tunneling in the granular structures.
is obtained if the facton#T)*" in Eq. (1) is replaced We are grateful to J.G. Ha for his cooperation and
by (eAV,)*/(2n)! = (2eV,/N,)*" [22], where AV, =  P. Griinberg for critically reading the manuscript. This
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