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Abstract
A phenomenological approach is presented for the giant magnetoresistance
(GMR) of magnetic multilayers oriented in the CPP mode (current
perpendicular to the plane of the layers). New results are found for the
dependence of the GMR on the number of repeats of the multilayer.

1. Introduction

Since the effect was discovered nearly two decades ago, the giant magnetoresistance exhibited
by magnetic multilayers has not ceased to be the subject of intense activity [1]. In recent
years, interest has focused on the magnetoresistance (MR) measured in the CPP mode (current
perpendicular to the plane of the layers) [2].

Earlier measurements of MR in the CPP mode had dealt with multilayers consisting of
one type of magnetic layer (denoted 1M multilayers). However, it is now realized that there is
much to be learned from MR measurements of multilayers consisting of two different types of
magnetic layers (denoted 2M multilayers), and many such measurements have recently been
carried out [3–8].

Here, we present a phenomenological approach to the calculation of the GMR for 2M
multilayers. The advantage of this approach is the complete transparency of the underlying
physics. Exploiting this advantage, we obtain new results for the dependence of the GMR
on the number N of repeats of the 2M multilayer. Although we shall concentrate on the N-
dependence of the GMR, the phenomenological approach can also be applied to the calculation
of other properties of the GMR, including the dependence of the GMR on the thickness of the
magnetic layers and the structure of the magnetoresistance curves as a function of the applied
magnetic field.

2. N -dependence of the GMR for 2M multilayers

Interest has centred on comparing the values of the GMR for a pair of 2M multilayers
with the following structures: [M1/NM/M2/NM]N (interleaved configuration) and
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Figure 1. Schematic representation of the 2M multilayer for the separated configuration. The
thick horizontal arrows give the directions of the moments in the magnetic layers (black arrows for
M1 and white arrows for M2), whereas the thinner nearly vertical arrows depict the trajectories of
representative electrons between spin flips. The left-hand side and the right-hand side of the figure
represent the antiparallel and the parallel states, respectively.

[M1/NM]N [M2/NM]N (separated configuration), where M1 and M2 denote the two types
of magnetic layers, NM denotes the nonmagnetic spacer layer, and the subscript N gives the
number of repeats. The NM layer is sufficiently thick to ensure that there is no coupling
between neighbouring magnetic layers. These two configurations differ only in the ordering
of the magnetic layers.

The GMR is defined by �R/R, where �R is the difference in resistance for the parallel
and antiparallel alignments of the magnetic moments of neighbouring magnetic layers. We
have calculated the GMR for the two configurations as a function of the number of repeats N ,
to be denoted GMR(N).

We find that for the separated configuration, GMR(N) first increases, but then sharply
decreases with increasing N . In complete contrast to this result, for the interleaved
configuration, GMR(N) always increases with increasing N . Moreover, the increase in
GMR(N) for the interleaved configuration is rather modest (tens of per cent), whereas the
decrease in GMR(N) for the separated configuration is nearly an order of magnitude larger
(factor of 2–4).

3. Separated configuration

Figure 1 illustrates the magnetic multilayer N = 3 in the separated configuration. The left-hand
side of the figure represents the antiparallel state, meaning that the magnetic moments of the
M1 layers (thick black arrows) are aligned antiparallel to the moments of the M2 layers (thick
white arrows). One can obtain such an alignment if there is a large difference in the coercive
fields for the two magnetic layers. (The thinner nearly vertical arrows will be discussed soon.)
If a strong magnetic field is applied, the directions of the magnetic moments of the M1 and the
M2 layers become parallel, as illustrated in the right-hand side of the figure.

Figure 1 shows that upon applying a strong saturating magnetic field, the only change
that occurs in the multilayer is the alignment of the M1 moments relative to the M2 moments.
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However, within the group of M1 layers and within the group of M2 layers, the moments of
the layers were aligned parallel both before and after the application of the saturation field.
Therefore, if an electron were to remain within the M1 layers or within the M2 layers, then that
electron would experience no change in resistance upon applying a saturating magnetic field
and would not contribute to the GMR. The importance of this result comes into play when one
considers spin flipping.

Since the GMR effect requires the electron to traverse the magnetic layers without flipping
its spin, the ‘effective’ trajectory of the electron is limited by its spin diffusion length, which
is the distance diffused by the electron before flipping its spin. This is shown schematically by
the two vertical arrows on each side of figure 1, which represent the spin diffusion length of the
two representative electrons.

Let N0 denote the number of M1 layers that lie within the spin diffusion length of the
electron. Therefore, if the electron starts its trajectory in M1 within the N0 layers that lie
nearest to the M1–M2 boundary, then the electron will reach the M2 layers without flipping
its spin and thus contribute to GMR = �R/R. All other M1 layers that lie further from the
M1–M2 boundary serve only to dilute the GMR, by increasing the resistance R but without
contributing to �R.

One may express this idea numerically by introducing a dilution factor (df). Dilution
occurs if the number of M1 layers exceeds N0. Therefore, we write

df = A

A + (N − N0)
, N > N0 (1)

where N–N0 gives the number of repeats beyond where dilution begins, and A is a number of
order unity. For N = N0, the dilution factor is unity, as required.

The N-dependence of GMR(N) for N > N0 is given by

GMR(N) = GMR(N0) × df(N), N > N0 (2)

where GMR(N0) is the value of the GMR for a multilayer of N0 repeats. In order to obtain
GMR(N0), it is first necessary to discuss the interleaved configuration.

4. Interleaved configuration

The interleaved configuration for N = 3 is illustrated in figure 2, where the left-hand and right-
hand sides of the figure display the orientation of the magnetic moments in the antiparallel and
parallel states, respectively, in analogy with figure 1. For the interleaved configuration, every
M1 layer is followed by an M2 layer. This implies the important result that every layer is a
boundary layer. In other words, every electron passes from an M1 layer to an M2 layer (both
upper and lower arrows) before flipping its spin, and therefore every electron contributes to
GMR(N).

We now consider the implications of this result for the N-dependence of GMR(N). The
resistance R (appearing in the denominator of GMR = �R/R) contains both a spin-dependent
part, Rs, which contributes to GMR(N), as well as a spin-independent part, Rsi, which does not
contribute to GMR(N) (because �Rsi = 0, by definition). The effect of Rsi is thus to ‘dilute’
GMR(N) and to diminish it. It follows that the larger the value of Rs relative to Rsi, the smaller
the dilution will be and GMR(N) will be larger. Therefore, GMR(N) will increase for any
change in the multilayer that increases the ratio Rs/Rsi.

The spin-independent scattering resistance Rsi has two contributions, one contribution
arising from the layers, Rsi(layer), and a second contribution arising from other sources of
scattering unrelated to the layers themselves, Rsi(other). Increasing the number of magnetic
layers increases both Rs and Rsi(layer), whereas Rsi(other) remains unchanged. Hence,
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Figure 2. Schematic representation of the 2M multilayer for the interleaved configuration. The
thick horizontal arrows give the directions of the moments in the magnetic layers (black arrows for
M1 and white arrows for M2), whereas the thinner nearly vertical arrows depict the trajectories of
representative electrons between spin flips. The left-hand side and the right-hand side of the figure
represent the antiparallel and the parallel states, respectively.

increasing N enhances the ratio Rs/Rsi, which diminishes the ‘dilution’ of GMR(N) and
therefore increases GMR(N). However, this effect is relatively small. Since Rs and Rsi(layer)
are already larger than Rsi(other), a further increase in their values by increasing N will yield
only a small increase in GMR(N).

These ideas may be expressed numerically. One writes

GMR(N) = �R

Rs + Rsi(layer) + Rsi(other)
= N�R(1)

N Rs(1) + N Rsi(layer, 1) + Rsi(other)
(3)

where �R(1), Rs(1), and Rsi(layer, 1) are the values of �R, Rs, and Rsi(layer), respectively,
for N = 1. We may assume that Rs and Rsi(layer) scale linearly with N . Rewriting equation (3)
gives

GMR(N) = GMR(∞)

1 + B/N
(4)

where GMR(∞) = �R(1)/[Rs(1) + Rsi(layer, 1)] = �R/[Rs + Rsi/(layer)] is the
magnetoresistance in the absence of Rsi(other) and B = Rsi(other)/[Rs(1) + Rsi(layer, 1)]
is the ratio of the resistance due to sources other than the layers to the resistance due to the
layers for a single repeat. Since most of the resistance in a magnetic multilayer arises from the
layers, even for N = 1, the value of B is small.

The increase in GMR(N) with increasing N may be exhibited explicitly by rewriting
equation (4) as

GMR(N)

GMR(1)
= 1 + B

1 + B/N
≈ 1 + B

N − 1

N
(5)

where it is seen that the percentage increase in GMR(N) is always less than B and hence quite
modest.
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Figure 3. Dependence of the ratio GMR(N )/GMR(1) on the number of repeats N for the separated
configuration. The curve has physical meaning only for integer values of N .

5. Separated configuration—GMR(N ) for N < N0

We now return to the separated configuration. For N < N0, every electron that begins its
trajectory in the M1 layers will reach the M2 layers before flipping its spin. Therefore, for
N < N0, increasing the number of M1 layers will increase the number of electrons that
contribute to the GMR. Note that this situation corresponds exactly to the situation for the
interleaved configuration. It follows, therefore, that the steps in the calculation of GMR(N) for
the separated configuration for N < N0 are the same as the steps in the calculation of GMR(N)
for the interleaved configuration for all N . Therefore, we may immediately write, in analogy
with (5),

GMR(N)

GMR(1)
≈ 1 + C

N − 1

N
, N < N0 (6)

where the parameter C in equation (6) for the separated configuration need not have the same
value as the parameter B in equation (5) for the interleaved configuration.

6. Final result

Combining equations (1), (2) and (6) yields the expression for the ratio GMR(N)/GMR(1) for
all N for the separated configuration. The most interesting feature of the N-dependence of
GMR(N) is the initial increase (for N < N0), given by equation (6), which is followed by a
rapid decrease (for N > N0), given by equation (2). This behaviour is exhibited schematically
in figure 3.

7. Numerical example

It is instructive to consider a numerical example, which will also permit a comparison with
the results of previous workers. Recently, Strelkov, Vedyaev, and Dieny (SVD) [9] applied the
Valet–Fert theory [10] to calculate GMR(N) in the CPP mode. The particular 2M multilayer
considered by SVD had M1 = NiFe (layer thickness of 80 Å) and M2 = CoFe (layer thickness
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Figure 4. Dependence of the ratio GMR(N )/GMR(1) on the number of repeats N for both separated
and interleaved configurations, for the case described in the text. The curve has physical meaning
only for integer values of N .

of 30 Å). For the spin diffusion length lSF, SVD propose the values lSF(NiFe) = 50 Å and
lSF(CoFe) = 150 Å. With these values, the electron can hardly diffuse through a single layer
of NiFe before flipping its spin. Therefore, N0 = 1.

For N0 = 1, equations (1) and (2) apply for all N for the separated configuration. Hence,
we may write

GMR(N)

GMR(1)
= A

A + (N − 1)
, all N. (7)

In figure 4, the circles give GMR(N)/GMR(1) as a function of N for the separated
configuration, based on equation (7), where the parameter A (of order unity) has been set
equal to unity. The triangles give GMR(N)/GMR(1) for the interleaved configuration, based
on equation (5), where the small parameter B has been set equal to 0.2.

There are two comments to be made. First, there is a striking difference between the upper
and lower curves. Consider N = 4. For the interleaved configuration, GMR(N)/GMR(1)
increases by only about 20%, whereas for the separated configuration, GMR(N)/GMR(1)
decreases by a factor of three. Second, the values we obtained in figure 4 are in excellent
agreement with the calculated results of SVD. This indicates that the phenomenological
approach does not leave out any important physics contained in the Valet–Fert theory.

8. Final comment

The phenomenological approach presented here dealt with multilayers having a relatively short
spin-diffusion length. For samples with a longer spin-diffusion length, one must also include
the effects of the electron mean free path [5]. Indeed, there exist magnetoresistance data
that cannot be explained without invoking mean free path effects. We refer to the magnetic-
field dependence of the magnetoresistance MR(H ) measured for 2M multilayers [11], and
subsequently, also for 3M multilayers [8]. This wealth of MR(H ) data have recently been
explained in quantitative detail.
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