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ABSTRACT

The Boltzmann equation is solved for a system consisting of a fer-
romagnetic - normal - ferromagnetic metallic trilayer. The in-plane con-
ductance of the film is calculated for two configurations: the ferromag-
netic layers aligned (i) parallel and (ii) antiparallel to each other. The
results explain the giant negative magnetoresistance encountered in these
systems when an initial antiparallel arrangement is changed into a paral-
lel configuration by application of an external magnetic field. A large
negative magnetoresistance requires, in general, considerable asymmetry

in the interface scattering for the two spin orientations.
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Ferromagnetic-normal metallic superlattices and sandwiches!*? display a number
of interesting properties, such as a varying interlayer magnetic coupling® and a giant
negative magnetoresistance (MR) effect.* In systems such as (Fe/Cr),, the magnetic
moment of each Fe layer is arranged with respect to the neighboring layers either in a
parallel fashion, or in an antiparallel one, depending on the thickness of the Cr spacers

and on the quality of the Fe/Cr interfaces.>>°

When the conditions are such that the consecutive moments are axrangcd
antiparallel to each other, the application of an external magnetic field to the sample
results in two effects: (1) the moments rearrange themselves into a completely parallel
arrangement in fields of the order of 1 T; and (2) the sample decreases its resistance --

negative MR -- in all directions (in-plane in particular) by varying amounts which can
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be as small as a few percent, and as large as 50% (for Fe/Cr at liquid Helium tebmpcra-
tures). This latter is known as the giant magnetoresistance eﬁ‘ect’”‘l2 (GMR).

14,15 uses

The present calculation,13 an extension of the Fuchs-Sondheimer theory,
a Stoner description!® of the itinerant ferromagnetic Fe layers: it introduces different
potentials for majority and minority spins. Band-structure and electron-density effects
are included only by means of a constant, metal- and spin-dependent potential, and an
isotropic effective mass for each spin in each layer. The different potentials in neigh-
boring layers results in coherent potential scattering ( i.e., refraction) of electrons as
they traverse the interface. The angular-dependent effects are treated by a quantum-
mechanical matching of the electron wave functions at the interfaces. Impurity scatter-
ing at the interface and interfacial roughness are also a source of spin-dependent

scattering, and they contribute to the present model through a single spin-dependent

parameter.

Figure 1 shows the system and defines the axes and geometric parameters. Both
the current and the time-independent electric field are in the X direction. A sandwich
consists of three flat layers (labeled 1, 2 and 3) of infinite extent in the £ and the y
directions of thicknesses d, d,, and d;. The structures investigated have identical fer-
romagnetic materials in layers 1 and 3 and a normal metal in layer 2. The symbols o
and B are used to denote the surfaces of layers 1 and 3 with the vacuum, respectively,

and A and B denote the 1-2 and 2-3 interfaces, respectively.

For a given sandwich the conductivity was calculated for both antiparallel align-
ment, denoted on, and for parallel alignment, denoted o, of the ferromagnetic

moments of layers 1 and 3. The magnetoresistance (Ap / p), is defined by

Ap _ pn — prt _ OM — On a)
p pr on ’

where p,, =(0yy y1. Note that this quantity varies between zero and one (or

0 and 100%) whenever the resistance decreases upon the application of an external

magnetic field.
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The conductivity for both alignmeﬂts is obtained by adding the contributions of
the spin-up and the spin-down electrons, calculated separately. This is the two-current
model,)” which provides a good description of electron transport in magnetic 3d
metals. Spin-flip processes, which mix the two currents, are neglected. it is known that

their effect is small at low tcmpcratures.”

The theory includes 20 parameters:
three effective masses myy, m,,, and mg;
three constant potentials Vy4, V,,,, and V;
three relaxation times Ty, T,,, and T,;
three thicknesses d;, d,, and ds;
four free-surface scattering parameters P opr, Py, Py and Ppy,;
and four interface scattering parameters Syps, Sa, Spur> and Sp,, .
In all these symbols the subindex M (m) indicates majority-spin (minority-spin)

electrons in the ferromagnetic layers; s indicates the electrons in the spacer layer.

At the two outer o and B surfaces [Figure 2 (a)], the specularity factors, P o, and
Pgs -- for the respective surfaces and for electrons of spin ¢ -- take values between
zero (completely diffusive scattering) and one (completely specular scattering) and pro-
vide a measure of the surface roughness. At the A and B interfaces [Figure 2 (b)], the
parameters S, and Sg, which also vary between zero and one, are factors that indi-
cate the degree of potential scattering for spin 6. The scattering follows the reflection-

refraction laws when S = 1 and is completely diffusive when § = 0.

The results presented here include only the cases for which the relaxation times
are identical T = 1,, = Tyy = T,. (The mean free paths of the minority and the majority
spins within the ferromagnetic layers 1 and 3 and for the spacer metal are still
different, however, since the Fermi velocities are different.) The discussion of the
results is also confined to the situation dp =d; = d; and d; = d,, since this is the

most common case. At the outer surfaces all Ps are taken to be identical
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P =Py =Pyy =Ppy =Ppp. The_ spin dependence of these parameters is caused
mostly by magnetic impurities, which are taken not to be present at the outer (identi-
cal) surfaces. The interfaces are also assumed to be identical Sy = Syup = Sppss
S = Sam = Sgm-

Results are given for Fe-Cr. In these metals the isotropic effective mass is
assumed to be independent of the material and spin orientation with a value
my =m, =m, =4.0 x free-electron mass. With this effective mass the potentials,
with respect to the Fermi energy Er chosen to be at Ep =0, are

Vy =— 823 €V, V,, =~ 573 eV for Fe; V, = — 5.77 &V for Cr.

Figure 3 shows the potential energies: Vyy, V,,, and V; for Fe-Cr for the spin-up

and spin-down electrons for both the parallel and the antiparallel configurations.

The parameters that remain to be specified are altogether six: (A) two geometric
parameters dr and d;; (B) one relaxation time T, which depends on bulk sample pro-
perties; (C) one outer-surface scattering parameter P (the roughness of the outer sur-
faces); and (D) two interface scattering parameters Sy, S, (diffuse scattering versus
potential scattering at the interfaces for the majority and the minority spins respec-
tively).

Even with these specifications, the phenomena under consideration are compli-
cated functions of the 6 variables., and the task of describing these dependencies is not
simple. In general terms, and with exceptions, it is found that (Ap / p) is a strong
function of the surface and interface parameters P, S);, and S,,, and a relatively weak
function of the thicknesses and the mean free path. For example, as P, Sy, and S,
vary between O and 1, the calculated (Ap / p) varies between 0 and 92.7% for Fe-Cr
trilayers when values of dp = d, = 10.0 A and T = 5.0 x 103 5 are chosen. Figure 4

shows the regions in this three-dimensional "surface and interfacial" parameter space

where (Ap / p) is greater than 20% for these values of dp_d;, and T. With this.choice-

of t, the mean free paths are: (i) 4,250 A for the majority-spin and 3,540 A for the

A
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minority-spin electrons in Fe; and (i) 3,560 K for electrons in Cr. These values
correspond to mean free paths which are orders of magnitude larger than the film
thicknesses, i.e., the clean-film limit, where surface and interface effects are supposed

to be paramount.

It was found in general that:

(A) (Ap / p) increases with increasing values of P, except in the region where
Sy =S, =1

(B) (Ap / p) is in general small (only a few percent) when Sy =S,,, except
when both parameters are very close to 1.

(C) (Ap / p), as a function of dr, exhibits a variety of behaviors which include
(i) a monotonic decrease with increasing dr; (ii) an initial increase followed by a
decrease (a single maximum); (iii) a decrease, followed by an increase and a subse-
quent decrease (2 minimum followed by a maximum); in all cases the asymptotic value
as dp — e is zero.

(D) (Ap / p), as a function of increasing d;, exhibits either (i) a continuous
monotonic decrease, or, most commonly, (ii) a single maximuin at a value of d; of the
order of dr; the asymptotic value as d, — oo is also zero.

(E) (Ap / p), as a function of the relaxation time 7, either (i) increases monotoni-
cally and saturates at a maximum value, or, most commonly, (ii) increases t0 a max-

imum, and then very gradually decreases.

Figure 4 shows how, for specific values of dr_d;, and 7, the quality of surfaces
and interfaces influences the MR. As the surface scattering parameter P increases from
0 to 1, i.e., as the scattering becomes less diffuse (or equivalently the surface rough-
ness decreases) the MR in general increases. It is also evident from this figure that the
region of large MR is close either to the plane Sy, = 1, or to the plane §,, =1, and
away from the plane S, = S,,. There is a very large asymmetry between Sy, and S,

in Fe-Cr.
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It is interesting to note that when P = 1, the MR of the trilayer becomes identical
to that of an infinite multilayer or superlattice. A specular-scattering event makes the
electron traverse the same ferromagnetic layer for a second time in the opposite direc-
tion or, equivalently, "continue" through a mirror-image of the film. Therefore, if for
both surfaces P = 1, then as far as the MR is concerned, a trilayer

vacuum | dgp | d; | dp | vacuum

is exactly equivalent to an infinite, periodic superstructure

| 2dp 1 dg |1 2dp 1 dg | 2dp V dg | 2dp | _
As seen above, the MR increases in general with P, because the number of interfaces
where magnetic scattering can occur "increases" as P increases. When realistic values
are chosen for the parameters, the MR is found to increase by as much as an order of
magnitude when P increases from O to 1. This fact can be reinterpreted as an increase
in the MR as the number of magnetic interfaces encountered by an electron within its

bulk mean-free path increases.

| Experimentally it is found that the more layers a sample has, the larger the MR.
The (liquid He temperature) MR in Fe-Cr trilayers prepared by molecular-beam-
epitaxy methods is found to be a few percent, while the MR is found to be nearly 50%

Fe-Cr in multilayers prepared by the same method at the same tempcrature.4

As clearly seen in Figure 4, a large MR requires, in general, a large difference in
interface scattering for the different spins. When Sy, = S, (with some exceptions) the
MR is found to be not more than a few percent. Therefore a large MR cannot be
explained as being caused solely by different densities of electrons with different spins,
which vary from layer to layer. What is required is a spin imbalance and a spin-
dependent'scattering mechanism at the interface, i.e., Sy #S,,. When such a spin-
dependent scattering mechanism exists, for example when magnetic impurities are
present at the interfaces, the MR is profoundly influenced by spatial variations in the

density of electron spins. This is the main cause of the GMR effect in ferromagnetic



multilayers.
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FIGURE CAPTIONS

Figure 1

Schematic diagram of the ferromaénctic-normal-ferromagnetic metallic trilayer. Axes
and thicknesses are defined.

Figure 2

Schematic diagrams of the scattering processes at (a) the vacuum-metal free surface
and (b) the metal-metal interface. The parameters P and S define the fractions con-
trolled by the potentials. In (b) S4 R is the probability of specular scattering; S T s
the probability of transmission (refraction) into the other metal. The isotropic, diffuse
scattering parts are (1-P) and (1-S), respectively.

Figure 3

Schematic diagrams of the potentials for the spin T and spin | electrons in the parallel
(TT) and the antiparallel (T!) configurations of an Fe-Cr-Fe trilayer.

Figure 4

The region in three-dimensional parémcter space (P,Sy,S,, ) where (Ap / p) > 0.2 for
the parameters corresponding to Fe-Cr and dr =d, = 10A , and T=5.0x 107135,

The three variables vary between O and 1.
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