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I have overviewed the change in GMR on annealing, in conjunction with the change in microstructure. The CoyAl;50ss
granular thin films were annealed at 300°C for various annealing time to change the microstructure. The magnitude of
GMR decreases considerably with increasing annealing time, although the size of Co granules estimated from TEM
observation show a small change. Parameter fits of magnetization curves and magnetoresistance curves to the Langevin
function suggest that large clusters consisting of several small Co granules, which are coupled ferromagnetically, are
related with the decrease of GMR on annealing. The temperature dependence of electrical resistivity (p) shows the
relationship of log p versus T '* for the sample annealed for 10 min., 1 br. and 6 hrs. However, the sample annealed for 38
hrs. shows the relationship of log p versus T ", which represents a significant change in the transport mechanism.

1. Introduction

Spin-dependent transport phenomena in artificial nano-
structures have attracted much attention from fundamental
and practical points of view. Since giant magnetoresistance
(GMR) was discovered in Fe/Cr multilayers [1], the GMR
phenomena have been investigated intensively in various
metallic multilayers, sandwich films and granular alloys [2].
The origin for GMR in these metallic systems is spin
dependent scattering of conduction electrons [3, 4]. The
constituent phases in these are all metallic; therefore, the
electrical resistivities of the materials which show GMR
are low in general. If electrical resistivity increases, the
effect of spin dependent scattering, i.e. GMR, is expected
to smear out, because the factor of spin dependent scatter-
ing increases by shortened electron mean free path and
spin diffusion length. However, Fujimori et al. found that
sputtered Co-Al-O granular thin films exhibit as much as
8% of GMR under an applied magnetic field of 12 kOe at
room temperature, in spite of the fact that the electrical
resistivity of these films is very high [5, 6]. Mitani et al.
reported that the GMR mechanism found in Co-Al-O was
obviously attributed to the spin-dependent tunneling [6].

The physical phenomena of spin dependent tunneling
has also has been discussed in a sandwich-type junction
composed of ferromagnetic metal/insulator/ferromagnetic
metal [7-9]. The same situation is considered in a super-
paramagnetic metal-insulator granular system, because the
system is thought to be an assembly of many small ferro-
magnetic metal/insulator/ferromagnetic metal junctions.

The magnetic moments of Co granules are randomly
oriented at zero magnetic field because of the superpara-
magnetic state, however they are aligned to one direction
when external magnetic field is applied. Consequently the
resistivity decreases as a function of applied field, because
the probability of electron tunneling increases by the appli-
cation of magnetic field. However, the detailed behavior
and mechanism of the GMR has not been fully elucidated
yet. It is important to understand the relationship between
the GMR behavior and microstructures. In this paper, we
have investigated the change in GMR on annealing, in
conjunction with the change in microstructure investigated
from TEM observation and the analysis of superparamagne-
tic behavior. And, we have investigated systematically the
transport and GMR behavior on annealing including the
case annealed for elongated time, 38 hours.

2. Experimental Procedure

The Co-Al-O granular thin films were prepared on glass
substrates by a reactive sputtering method using a Co.,Alx
alloy target. The sputtering gas used was a mixed Ar+0O,.
The details on the sample preparation were described else-
where [5, 6]. Samples were annealed in vacuum-sealed
glass tubes at 300 °C for 10 min., 1 hr., 6 hrs., and 38 hrs.
The magnetization curve was measured using a SQUID
magnetometer (QUANTUM DESIGN, MPMS) with the
field applied up to 50 kOe. The magnetoresistance (MR)
was measured at room temperature, 77 K, and 4.2K under
the applied field of about 7 kOe by a conventional four-
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probe method. The magnitude of GMR is defined as Ap/
Prax, Where AP 1S P-Prax, Pmax 1 the maximum resistivity,
respectively. In order to evaluate the microstructures quan-
titatively, small angle X-ray scattering (SAXS) has been
measured by using a conventional X-ray generator with a
Mo target. Transmission electron microscopy (TEM) and
high resolution transmission electron microscopy (HRTEM)
observations have also been made using Philips CM-200
and JEOL-4000EX electron microscopes, respectively. The
chemical composition was analyzed by Rutherford backscat-
tering spectroscopy (RBS). The composition of the Co-Al-
O granular film is CosAlOss. The present investigation
has been performed on this series.

3. Results and Discussions

3.1 Electrical resisitivity and microstructures

The temperature dependence of the electrical resistivity
p for as-deposited and annealed samples is shown in Fig.
1(a). Tt shows the good linear relationship of log p versus
T~ for both as-deposited and all the annealed samples as
seen in Fig. 1(b).

The relation of log p versus T ' was first derived by
Sheng et al. by taking into account the tunneling and
thermal activation process for electrical transport in
insulating granular systems [10, 11]. In insulating granular
systems, conduction electrons can flow weakly by tunnel-
ing between metallic granules. This tunneling probability
is proportional to exp{-2(27/h) (2m@)'* s}, where h is the
Plank constant, m the effective electron mass, ¢ the effec-
tive barrier height, and s the barrier width. In case of
insulating granular systems, we must take into account the
breakdown of charge neutrality in the metallic granules
associated with tunneling. Sheng et al. considered a model
that the electrons thermally activated by this increase in
the Coulomb energy can tunnel. The probability associated
with this process is proportional to exp{E./2ksT}, where E.
is the Coulomb energy increased for a granule, kz the
Boltzman constant, T the absolute temperature. Sheng e al.
calculated the electrical resistivity by taking into account
these two probabilities and obtained the formula expressed
as

p=po exp{2(C /ks)PT™7) (1)
where C is the tunneling activation energy, and given by
C=xS E @)

where ¥ =2n/hN2m @, S is the average intergranular
distance.

Eg. (1) can be transformed to
log p=2(C /kz)V*T~V2 + const. 3)

The good linear relationship of log p versus T~ " in Fig.
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Fig. 1. Temperature dependence of clectrical resistivity (p) for as-
deposited and annealed CoyAls0s5 granular thin films; (a) log p
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vs. T, (b) log pr vs. T ™.

1(b) shows the tunneling transport for both as-deposited
and all the annealed samples.
C can be rewritten as [11]

C o 2xe?  (Ssdy
e (1/2+S/d)

©

where d is the average size of granules, e is the electron
charge and ¢ is the dielectric constant of ALOs. Equation
(4) indicates that C is constant in case S/d is constant.

C is shown as a function of annealing time in Fig. 2. C
is estimated to be 89 meV for the as-deposited sample.
With increasing annealing time, C decreases gradually to
35 meV. If Co granules grow by coarsening process with
increasing annealing time, local composition should not
change, and S/d, and therefore, C should be constant. The
change of C on annealing indicates that Co granules do
not grow simply.

In order to evaluate the change in microstructures on
annealing, we made the structural analyses by using TEM,
HRTEM and SAXS. Fig. 3 shows HRTEM images for the
as-deposited and annealed samples. The microstructures of
the samples are composed of fine granules. These granules



Journal of Magnetics, Vol. 3, No. 4, December, 1998

00— T T3
80}

60}

C (meV)

40k

20F N

oL Ll R | . ;
as-dep. 10 100

Annealing Time (min.)

Fig. 2. Tunneling activation energy (C) for a CouAl50;5 granular
thin film as a function of annealing time.

(a) as-deposited (b) 300°C-1hr.

() 300°C-6hrs. (d) 300°C-38hrs.
Fig. 3. HRTEM micrographs of Co.sAl;s05s granular thin films:

(a) as-deposited, (b) annealed at 300°C for 1 hour, (c) annealed at
300°C for 6 hours, (d) annealed at 300°C for 38 hours.

are surrounded by brightly imaging channels. It is
considered that the concentration of oxygen in the brightly
imaging regions is higher than in the granules, because
higher concentration of light elements makes the phase
more transparent to electron [12]. The brightly imaging
channels are perfectly continuous, and the granules appear
to be isolated. A remarkable feature is that the granule size
for the as-deposited sample is almost the same as that for
the annealed samples. The average granule sizes for both
as-deposited and annealed samples are approximately 30~
40A diameters. The average intergranular distance (S)
estimated by SAXS and average granule diameter (d)
evaluated from TEM micrographs are shown as a function
of annealing time in Fig. 4. We find that S/d is constant
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Fig. 4. Average intergranule distance (S) estimated by SAXS and
average granule diameter (d) evaluated from TEM micrographs
for a CoysAl 9055 granular film as a function of annealing time.
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Fig. 5. Temperature dependence of the electrical resistivity (p) for
the CouAlsOss granular thin film, annealed at 300°C for 38
hours. log p is plotted as a function of T~ ",

irrespective of annealing time, because d and S increase
simultaneously. Then, one question arises: why does C
decrease with increasing annealing time? One possible
explanation for the decrease in C is the formation of large
Co clusters constituting of several small Co granules,
which are coupled electrically and magnetically. We will
make the detailed discussions about this assumption in
section 3.2.

Another remarkable feature in Fig. 1(b) is that the
sample annealed for 38 hours does not satisfy the linear
relationship of log p versus T "2, The plot of log p versus
T " is shown in Fig. 5, compared to that of log p versus
T~ '”. The relationship of log p versus T " represents the
variable range hopping transport in amorphous semicon-
ductors. Hopping conduction is a term coined to denote
the electrical conduction process which is the result of two
combined mechanisms: thermal activation and tunneling.
Mott was the first one to show that two nominally indepen-
dent processes can actually couple to result in non-
activation type of behavior [13]. The microstructure such
as the size of Co granules estimated by TEM and HRTEM
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for the sample annealed for 38 hours did not change signifi-
cantly as shown in Fig. 3. This suggests that the change in
transport mechanism on annealing is not mainly due to the
change of the granule size. The origin for the transition
from log poc T ' to log poc T~ is not clear at present.

3.2 Superparamagnetic analysis of magnetization
curve

We analyze the magnetization behavior by making para-
meter fits to magnetization curves to the Langevin function.
The magnetization of superparamagnetic particles can be
described by the Langevin function [14], assuming all
particles have the same magnetization

M:L(g):cot}la _l

M(T,H)=ML(a) ©)

where the parameter a is the ratio between magnetic
energy of one particle and its thermal energy. This gives a
direct access to the magnetic moment of one particle, from
which its volume can be estimated via the magnetization
of the ferromagnetic phase,

ut ©)

a=-—
kT

T is the temperature, and ks is the Boltzman constant.
Equation (5) was fitted to experimental data for both as-
deposited and annealed samples. If we consider the
granule size, which is estimated by TEM, we found a
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strong deviation from the theoretical data calculated from
Eq. (5). Obviously, the simplifications are too rough, so
we take into account that there is not only one size of Co
granule, but a appropriate size distribution. If we consider
a size distribution, Eq. (5) can be rewritten by

Mo (T5) = Mg Y x;L (@) Q% = 1) @

where subscript i denote the size of granule and x; is the
normalized granule density. Calculations using the size
distribution functions such as a rectangular distribution, a
Gaussian distribution were performed but also did not fit
the experimental data. A good agreement with the experi-
mental data was found in case of considering a log normal
size distribution (LNDF), as it has been found for fine
metal particles produced by inert-gas evaporation [15]. A
LNDF f, with standard deviation s and the mean radius r,,
is given like this:

2
1 ex In“(r /rm)

fr=
V202 2074

®)

A fitting results were obtained with LNDF's, as shown
in the upper figures of Fig. 6. The calculated values which
were obtained by using eqs. (7) and (8) are shown by the
solid line in the upper figures of Fig. 6. The size distri-
bution function was approximately by a step function as
shown in the lower figures of Fig. 6. The agreement with
the experimental data points is remarkably good. We found
that LNDF's of all the annealed samples are different from
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Fig. 6. Magnetization curves for the (a) as-deposited (b) annealed at 300°C for 10 min. (c) annealed at 300°C for 1 hr. (d) annealed at
300°C for 6 hr. The solid line of the upper figure represents the calculated curves assuming LNDF such as the lower figure.
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Fig. 6. Continued.

that of as-deposited sample. The width of the LNDF's are
broader, and are extended to larger Co granules compared
to as-deposited sample.

However, the size of Co granules estimated by TEM
observation did not change significantly. The Co granule
sizes of all the annealed samples are found to be approxi-
mately 10% increase compared with as-deposited sample
as shown in Fig. 4. The granule size estimated by TEM,
drem and the average granule size inferred by parameter fit
of magnetization curve, dm,, are shown in Table 1. In the
case of 38-hrs. annealed sample, we can not obtain dm., by
parameter fit of magnetization curve. This suggests that the
microstructure of 38-hrs. annealed sample is different from
that of other annealed samples.

The differences of drem and dn., are large, even though
in case of as-deposited sample. Then what is the physical
origin of the difference with the drewm and dn,,? We think
that d.., can be explained as the size of large cluster
consisting of small Co granules, which are coupled ferro-
magnetically. With increasing annealing time, the du.,
increases smoothly. The dn., increases with increasing
annealing time, because the intergranular distance become

Table 1. The granule size estimated by TEM, dwm and the average
granule size inferred by parameter fit of magnetization curve, dua,
for CossAl 4035 granular thin films

Sample drw A de A © d, (&)
as-deposited 3B+l 62 1.6 44.6
300°C-10 min. 35+1 112 2.1 48.4
300°C-60 min. 36+1 113 21 492
300°C-360 min. 35+1 126 22 49.6
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smaller with increasing annealing time and result in the
formation of larger clusters. This suggests that several Co
granules are coupled ferromagnetically to form a large
magnetic cluster which might behave as a magnetic unit.
Parameter fits of magnetization curves to the Langevin
function suggest the existence of large cluster consisting of
small granules which are coupled ferromagnetically. But
such large clusters are not observed by TEM, even though
by HRTEM. If large cluster consist of small granules
which are not physically but only magnetically, we can
not observe such a large cluster. Then, one question can
be arised? What is the origin of large cluster i.e. di,,? We
think that this is related with the concept of the resistance
quantum. If the tunnel resistance between granules in
insulating granular system is below the resistance quantum
which is about 20 k€2, the conduction between granules is
to be metallic [16]. In insulating granular system, the
average intergranular distance in the compositions showing
the GMR phenomena is about 4~10A [12]. Therefore, it is
reasonable that there are several Co granules whose tunnel
resistance are below the quantum resistance, because of the
size distribution such as LNDF in granular system. These
phenomena can appear in case the Co concentration is
high. Therefore, the above discussion can be realized in
this system, because the composition of the present investi-
gation, Co.sAlsOss is high. Recently, we found the exist-
ence of the critical composition, which showing the differ-
ence between drpv and dm,, by parameter fit of magneti-
zation curve in other compositions. The details are publish-
ed elsewhere. Figure 7 shows the schematic illustration of
model representing the formation of clusters consisting of
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(b) after annealing

(a) as-deposited

Fig. 7. Schematic illustration of model explaining the experi-
mental results: (a) as-deposited, (b) after annealing.
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Fig. 8. Magnetoresistance curves for the as-deposited and 300°C-1
hour annealed CoysAli4O5s granular thin film.
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Fig. 9. Temperature dependence of GMR for as-deposited and
annealed CoyAls055 granular thin film.

several small Co granules, which are coupled ferromagneti-
cally. With increasing annealing time, the size of cluster
increases compared to that of as-deposited.

3.3 Giant Magnetoresistance (GMR)

Figure 8 shows magnetoresistance ratio (Ap/pma.) curve
for the (a) as-deposited (b) annealed at 300°C for 1 hour.
Magnetoresistance ratio for the annealed sample decreases
compared with that for the as-deposited sample. Figure 9
shows the temperature dependence of magnetoresistance
ratio for as-deposited and annealed samples. The magni-
tude of GMR decreases considerably with increasing

annealing time. Particularly, GMR reveals a noticeable
decrease at low temperatures on annealing. The change in
microstructure i.e. the formation of ferromagnetically
coupled cluster seems to be closely related with the
decrease of the GMR on annealing.

Although the transport mechanism was changed to hopp-
ing transport, GMR appeared for 38 hours- annealed
sample. Moreover, the sample annealed for 38 hours shows
different GMR behavior at low temperatures compared
with the sample annealed for 10 min., 1 hr. and 6 hrs,;
GMR at low temperatures is smaller than those at high
temperatures for the sample annealed for 38 hours. The
magnetization curves at room temperature for the as-
deposited and annealed samples show the superparamagne-
tic behavior. The magnetization curves is to be ferromagneti-
cally below the blocking temperature. By analyzing the
magnetization curves, we found that the magnetization
behavior at low temperatures is to be more ferromagneti-
cally with increasing annealing time. In case of sample
annealed for 38 hours, the decrease of GMR at low
temperatures seems to be related with the fact that the
magnetization behavior at low temperatures is to be more
ferromagnetically. We find that GMR is very sensitive to
microstructure although the origin for the decrease in GMR
is not definite at present.

Recently, we found that the enhancement of GMR at
low temperatures in insulating granular systems can be
interpreted by the effect of higher-order tunneling {17]. It
is suggested that the change in GMR on annealing is
related to the change of microstructure leading to the
change of the contribution of higher-order tunneling
compared with that of sequential tunneling.

4. Summary

We have investigated the change in GMR on annealing,
in conjunction with the change in microstructure. The Cous-
Al;4O;s granular thin films were prepared on glass
substrates by a reactive sputtering method with mixed gas
of Ar+0,. The samples were annealed at 300°C for 10
min., 1 hr,, 6 hrs., 38 hrs. to change the microstructure.
The magnitude of GMR decreases considerably with
increasing annealing time, although the size of Co granules
estimated from TEM observation show a small change.
Parameter fits of magnetization curves to the Langevin
function suggest that large clusters consisting of several
small Co granules, which are coupled ferromagnetically,
are related with the decrease of GMR on annealing. The
temperature dependence of electrical resistivity {p) shows
the relationship of log p versus T~ '? for the sample
annealed for 10 min., 1 hr. and 6 hrs. However, the
sample annealed for 38 hrs. shows the relationship of log
p versus T ', which represents a significant change in the
transport mechanism. Although the transport mechanism
was changed, GMR appeared for 38hours-annealed sample.
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We find that GMR is very sensitive to microstructure.
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