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In order to investigate the effect of granule shape on the giant magne-
toresistance, assuming that granular films consist of ellipsoidal ferromagnetic
granules embedded in a nonmagnetic metal matrix and the ellipsoidal gran-
ules have different demagnetizing factors in three directions, we combined
two-current model with the effective medium theory to investigate the ef-
fect of granule shape on the giant magnetoresistance. The results revealed
that the giant magnetoresistance in granular films depended strongly on the
granule shape and was between those for current perpendicular to the plane
of the layers and current in the plane of the layers in magnetic multilayers.

PACS numbers: 72.15.Gd, 75.47.—m, 75.50.—y

1. Introduction

Since the discovery of giant magnetoresistance (GMR) in granular films in
1992 [1, 2], this phenomenon has been extensively investigated because it provided
a new perspective in the information industry and enriched the mechanism of
GMR [3-6]. The GMR in granular films originates primarily from the spin depen-
dent scattering of conduction electrons at the interfaces between the ferromagnetic
granules and the non-magnetic metallic matrix as well as within the ferromagnetic
granules, which gives rise to the fact that GMR in granular films depends strongly
on the granule size and granule shape. As soon as granule size is considered, the
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tendency is introduced that the GMR increases at first and then decreases with
increasing granule size, reaching a peak value at a certain granule size [7-9] . How-
ever, it is so far conflicting about the effect of granule shape on the GMR. Sang et
al. found that spherical shape granules are beneficial to the GMR [10]. However,
Kataoka et al. indicated that granules with a pancake-like shape are advantageous
to the GMR [11]. In order to clarify the above-mentioned contradiction, we com-
bined the effective medium theory with the two-current model to investigate the
effect of granule shape on the GMR in detail.

2. Theoretical model

We consider an ellipsoidal granule with conductivity o dispersed heteroge-
neously in a nonmetallic matrix with conductivity ¢,,, as shown in Fig. 1. a, b,
and c are the lengths of the axes in the three directions of the ellipsoidal granule,
respectively. In addition, assuming that the electric field (Eq) is parallel to a
axis and the applied magnetic field is parallel to the ¢ axis. This configuration
resembles the case of transverse GMR. As well known, in most granular films the
transverse GMR is the same as the longitudinal GMR, except in some films con-
taining ferromagnetic metal, such as Ni, FeNi, CoNi [12, 13|, therefore, we here
consider the transverse GMR the same as the longitudinal GMR for convenience.
Meanwhile, assuming that L, L,, L. are the demagnetizing factors correspond-
ing to the axis a, b, c respectively. For simplicity, we only consider granules as
rotational ellipsoids and let b = ¢ and the axial ratio m = a/b.

For granules with an axial ratio m larger than one, L, is expressed as fol-
lows [14]:

L, = - _1m2 n (mg"_ A In(m + v/m?2 —1). (1)

For granules with an axial ratio m smaller than one, L, is expressed as follows:

substrate

Fig. 1. Schematic diagram of an elliptical granule with conductivity oy in a matrix

with conductivity o,. FEq is the applied electric field. H is the applied magnetic field.
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1 m

L, = -
1—m? (1 —m2)3

arccos m. (2)

For granules with an axial ratio m =1 (spheres), L, = L, = L. = 1/3.

According to the two-channel conducting model, the scattering strength of
electrons in spin-up and spin-down channels is different, giving rise to different
conductivities in each channel in granular films. The scattering of electrons, whose
spin is parallel to (say “spin-up”), the direction of the magnetic moment is very
weak, leading to a high conductivity, while the scattering of electrons, whose spin
is anti-parallel to (say “spin-down”), the direction of the magnetic moment is very
strong, leading to a low conductivity. For a spin-up electron, the contribution to
its resistance is low due to scattering events and then to its conductance is high,
while for a spin-down electron, the contribution to its conductance is low. We use
o7 to represent high conductivity for the spin-up electrons and o~ to represent low
conductivity for the spin-down electrons. Here, the superscripts “4” and “~” stand
for the direction of spin-up and spin-down electrons, respectively. In addition, it is
known that the conductivity also depends on the number of conducting electrons
per unit volume [15]. In the absence of an applied field, since the number of
electrons in the spin-up and spin-down channel is equal, they have the same effect
on the conductivity. However, in the existence of an applied field, the number of
electrons in the two channels is uneven because electrons skip from the spin-down
channel to the spin-up channel, resulting in the number of electrons in spin-up
channel becoming larger than that in spin-down channel. Thus, inserting the
coefficient “ag” and “by” before the number of electrons in the existence of an
applied field can describe this difference. It is obvious that ag > 1(spin-up) and
by < 1(spin-down) and ag + by = 2. Here, we take ag = 1.4 and by = 0.6.

We consider the magnetic granule in the granular films as ellipsoids with a
magnetic shell (the core conductivity o and the shell conductivity o,,,) embedded
in an immiscible matrix (see Fig. 1). Liu and Li [16] considered that coated
granules could be regarded as equivalent solid granules. Based on their method,
the induced dipole moment of the coated ellipsoid, P,, is expressed by:

P — A(205, + on)(0fF —oy,) + (o, — on)(0F + 207,)

2N, + o) (07 —05) + (75, + 20,) (03 + 205,)
where @ = +(—) denotes the spin direction of electrons, as mentioned above.
A = ab?/[(a+t)(b+t)?], and t is the thickness of the shell. In the quasi-static
approach we can write o, as follows:

Ey, (3)

O = %U}y’ (4)
where v, = oF, /o§. Substituting Eq. (4) into Eq. (3) we can get another
expression for induced dipole moment of the coated ellipsoid

ozUa —0On
=10 g, (5)
Ha0y + 204,
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where pq is given by

(1 — LZE)’YOt + La: + (1 — Lw)/\(l — ’Yoz) (6)
(1*Lz)+Lz*Lz(1fﬁya) .

Taking the limit ¢ — 0, the interface resistance of granules r,, = t/0g, has a finite

Ha =

value, and p, can be reduced to
a

a+ Ly (2a/b+ 1)raof @

In addition, the induced dipole moment of a simple solid ellipsoid can be given by

Ha =

oy —op
o0& + 20y,
Comparing the induced dipole moment of the coated ellipsoid, Eq. (5), with that
of an equivalent solid ellipsoid, Eq. (8), we found that the conductivity of the
equivalent solid ellipsoids is expressed as follows:

P, = Ep. (8)

Oq = fta = fa0§ - (9)
According to the effective medium theory [17], the average field (E) and current
density (J) are given by

(Ey()) = fE1,a+ (1= f)Eg

On
:fUn-i-(Ug‘—Un)Lm +(1—f)O'nE0, (10)

(J1(1) = foaEra+ (1= f)onEo, (11)
where 1 (] ) represents the magnetization direction of ferromagnetic granules on the
basis of assumption that all ferromagnetic granules have only two magnetization
directions [18], and f represents the volume fraction of ferromagnetic granules,
subscript “1” stands for the ferromagnetic granules. Therefore, the effective con-
ductivity in the Maxwell-Garnett approximation of a coated ellipsoidal granule is

UCH:Uano*g‘—F(l—Lx)an—Ff(l—Lx)(og‘—an). (12)
Lyog + (1= Ly)on + fLy(0g — 0y)
Here, we define GM R as
GMR="M"79D (13)
oD
where oy and op stand for the conductivity of the granular films in saturated
applied field Hg and in a completely demagnetized state, respectively. For the
completely magnetized state, the moments of all granules have the same direction
parallel to the applied field, and the conductivity of the granular films can be
written as follows:
o a()fQJrJJ + (1= fon + bofQ 0o, +(1— flon
fRT+1-f fQ-+1-f 7

(14)

where
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Q" = o ; (15)

On + (aomj - Jn)Lx

On
= ) 16
Q On + (bOJ(; - Un)Lw ( )
In a completely demagnetized state, both the number and the scattering

strength of electrons in the spin-up and spin-down channels are identical, indicating

that ag = bg = 1. Therefore, the effective conductivity can be written as follows:
flaoQFof + 0@ 0g) +2(1 = flon
op = . (17)
0.5/(QT+Q7)+1—f

3. Results and discussion

Using the above-mentioned theory, we investigate the GMR of films in the
case where the spin diffusion length is much longer than both the mean free path
and the granule size so that the spin-flip effect can be neglected and the two-current
model is applicable.
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Fig. 2. The dependence of GMR on the demagnetizing factor, f = 0.2, o, = 4.2
b=10r_o;, U?’/U; =20, o} /o, = 20.

Figure 2 shows the dependence of GM R on the demagnetizing factor, i.e.,
the dependence of GM R on the granule shape. It is clear that the GM R increases
monotonically with increasing demagnetizing factor. Here we discuss two extreme
cases: one is that a — 0 and ¢ — 00, and the other one is when a — oo and ¢ — 0.
When ¢ — 0 and ¢ — 00, L, — 1 and the GM R is large. In this case, the granule
has a shape with a very large pancake perpendicular to the electric field, which
resembles the case of current perpendicular to the plane (CPP) of the layers in a
multilayer. However, when ¢ — oo and ¢ — 0, L, — 0 and the GMR is small.
In this case, all the granules form a shape with a very large pancake parallel to
the electric field, which resembles the case of current in the plane (CIP) of layers
in a multilayer. In practice, the shape of granules in films is ellipsoid, that is to
say, the demagnetizing factor of granules is between 0 and 1, indicating that the
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Fig. 3. The dependence of GM R on the size of granule with various demagnetizing
factors, f = 0.2, 0, = 4.2, 0f Jo; =20, o}t /oy, = 20.

GMR of granular films is between that of CPP case and that of CIP case in a
multilayer, which is in agreement with the results of Gu et al. [9]. On the other
hand, these results show that granules with a pancake-like shape are advantageous
to the GMR, which is identical to the results of Kataoka et al. [11]. In addition, it
should be pointed out that the above formula is inapplicable in these two extreme
cases with L, — 1 or L, — 0in GMR.

Figure 3 shows the dependence of GM R on the size of the granule with
various demagnetizing factors. It is clear that the GM R first increases and then
decreases with increasing granule size, which is in agreement with the experiment
of Wang et al. [7], and a maximum value occurs at a certain granule size with any
demagnetizing factor. It is known from the physical point of view that on the one
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Fig. 4. The dependence of the conductivity op on the granule size, f = 0.2, o, = 4.2,
L, =04, 0?/0; =20, o} /o, = 20.
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hand, the surface-to-volume ratio of the granules increases with decreasing granule
size, giving rise to the enhancement of the spin-dependent interface scattering and
the GMR effect; on the other hand, when the granule size decreases to below the
mean free path of electrons, the currents pass by granules more easily, giving rise
to the reduction of spin-dependent interface scattering and the GMR effect. The
competition between these two factors leads to a maximum value of the GM R at
a certain granule size.

Figure 4 shows the dependence of the conductivity -op on the granule size.
It can be seen that the conductivity increases with increasing granule size, namely,
the resistivity decreases with increasing granule size, which is in agreement with
the experiment of Xiao et al. [19] that the resistivity decreases with increasing
annealing temperature since the granular size increases monotonically with the
elevation of annealing temperature.

4. Conclusions

In summary, we combined the two-current model with effective medium the-
ory to investigate the GMR of granular films. The results indicate that the GMR
of granular films is between the CIP and CPP cases in a multilayer and granules
with a pancake-like shape are advantageous to the GMR. In addition, there is an
optimum granule size for the GMR and the conductivity of films in the absence of
the applied field increases monotonically with increasing granule size.
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