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We present a simple theoretical description of recently measured giant magnetoresistance effects in
Fe/Cr layered structures. The resistivity is calculated by solving the Boltzmann transport equation with
spin-dependent scattering at the interfaces. The magnitude of the effect depends on the ratio of the lay-
er thickness to the mean free path and on the asymmetry in scattering from spin-up and spin-down elec-
trons. Good agreement with experiment is found for both sandwich structures and superlattices.

PACS numbers: 75.50.Rr, 72.15.Gd, 73.50.Jt, 75.70.Cn

The study of magnetic layered structures has resulted
in the discovery of a fascinating variety of behaviors. '™
Recently there have been some very exciting reports of
giant magnetoresistance effects in magnetic layered
structures with antiferromagnetic couplings.®’ Baibich
et al.” have suggested that spin-dependent scattering at
the interfaces is responsible for the magnetoresistance
effect, but there have been no theoretical calculations in-
vestigating if this mechanism is consistent with the ex-
perimental results. Furthermore, the general behavior
(magnetic field dependence, temperature dependence,
and structural influences) has not previously been ad-
dressed theoretically. Here we present a simple theoreti-
cal model which reproduces all the major features of the
data qualitatively and quantitatively. Furthermore, the
parameters obtained from the model give some support
to the suggestion of Baibich et al.

In the Fe/Cr multilayers which were studied, there is
an effective antiferromagnetic coupling between Fe films
due to the intervening Cr films. As a result, the magnet-
ic moments of neighboring Fe films are antiparallel to
each other in zero field. With a strong enough external
field, the antiferromagnetic coupling may be overcome,
and the magnetic moments of the Fe films can be forced
to all lie in the same direction.

The experimental results for the magnetoresistance on
epitaxial samples can be summarized as follows: (1) The
resistance of the structure is largest when the magnetic
moments in neighboring Fe films are antiparallel and
smallest when they are parallel. (2) Multilayer struc-
tures with thin Fe films have a much larger magne-
toresistance effect than a single sandwich structure of
Fe/Cr/Fe. A magnetoresistance effect of 50% at liquid
He temperatures was reported for a multilayer structure,
while the largest number reported for a sandwich is 1.5%
at room temperatures. (3) Changing from room temper-
ature to that of liquid He increases the magnetoresis-
tance effect by about a factor of 2 to 3.

The problem considered here is similar, to some ex-
tent, to that of electron scattering from domain walls
which was discussed by Cabrera and Falicov.® Their re-

sults, however, cannot explain the present experimental
data. The mechanisms explored in Ref. 8 show no
change in resistivity in a geometry where the current
flows parallel to the domain wall and parallel (or anti-
parallel) to the magnetizations. Experimentally it has
been shown that the large magnetoresistance effect in
layered systems is nearly the same for the current flow-
ing parallel or perpendicular to the magnetizations®’
(the small differences can be attributed to the magne-
toresistivity anisotropy effect). To explain all the basic
features of the magnetoresistance in layered structures
one has to take into account the diffusive scattering of
electrons due to interface roughness. Such scattering, of
course, does not occur in the domain-wall problem.

Point (1) above suggests that a spin-dependent
scattering mechanism is responsible for the effect. Points
(2) and (3) suggest that the effect also depends on the
relative lengths of the mean free path compared to the
thickness of the various films. Our model, an extension
of the Fuchs-Sondheimer theory,® uses these ideas by in-
troducing spin-dependent coefficients for specular reflec-
tion, transmission, and diffuse scattering at the Fe/Cr
boundaries.

We compute the conductivity of the structure through
use of the Boltzmann equation. Consider first a simple
sandwich structure as illustrated in the inset of Fig. 1.
The dashed line in the center of the Cr film is not a true
boundary; it is the position at which the change in axis of
quantization for the electron spin is calculated. In each
region the Boltzmann equation reduces to a differential
equation which depends on the coordinate z only:

dg + & ¢k 9f 1)
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Here fy is the equilibrium distribution function and g is
the correction to the distribution function due to scatter-
ing and the external electric field E in the x direction.
We neglect terms in the Boltzmann equation which arise
due to magnetic fields since, for the size of the fields in-
volved here, the resulting effects are much smaller than
that discussed here. It is convenient to divide g into four
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FIG. 1. The maximum normalized change in resistance, as a
function of the diffusive scattering constant Dy and N. pq; is
the resistivity when the magnetizations in the two Fe films are
antiparallel and pi; is the resistivity for the case where the
magnetizations are parallel. The inset shows the geometry.

separate portions in each region of space. We calculate
separately the contributions to g for spin-up or spin-
down electrons moving to the right (positive v,) or left
(negative v;). Thus g for electrons with positive v, in re-
gion A is given by

g=ga+1(w;,2) +g4+,(v,2) . (2)
Similarly g for electrons with negative v, in region A is

g=g4—1(0:,2) + g4 (vz,2) . (3)
The solutions for g4 1 are given by

a
gAi;(v:,z)=eET fo
m Ov,

1+Ai;exp[%”. )

The solutions for g4+; are the same except with | re-
placed by | everywhere. The solutions in the other re-
gions will have similar forms.

The coefficients A + () and similar coefficients for the
solutions in the remaining regions B, C, and D are as yet
unknown parameters which are to be determined
through the boundary conditions. At the outer surfaces
of the sandwich, the distribution function g for an elec-
tron leaving the surface is equal to the distribution func-
tion g for an electron of the same spin striking the sur-
face multipled by the probability of a specular scattering
event, Ro. Thus we have

8a+1=Rogs—1 at z=—5b, 5)
gp~1=Rogp+; at z=+b. ©)

Similar equations hold for the down spins. At the Fe/Cr
interface, the distribution function g for an electron with
a given spin leaving the interface contains terms from a
possible reflection event (with a probability R for up
spins and a probability R| for down spins) and a possible
transmission event (with a probability 7'; for up spins
and T for down spins). We obtain for up spins at

axis at z=0. Thus

ga-1=T1gc~1+T1gc-1, 9
g8-1=T)18c~1+Ti8c~1, (10)
gc+1=Trigp+1+T1.88+), 1)
ge+1=T| g8+t T185+1, (12)

where T'|y is the probability for an electron of spin up
(with respect to the magnetization in layer 4) at z=—0
to continue as a spin down (with respect to the magneti-
zation direction in layer D) at z =-+0 and the other sym-
bols are defined similarly. The transmission coefficients
are given by

T =T, =cos*(6/2), (13)
T, =T =sin%(6/2), (14)

where 0 is the angle between the magnetization vectors
in the two Fe films.

Having found the various g’s, we can find the current
density in the direction of the field by using

J(z) =fvxg(vz,:z:)a”u. 15)

The current in the entire structure is then found by in-
tegrating J(z) over the coordinate z. It is then simple to
find the effective resistivity of the entire structure.

The resistivity for an infinite superlattice can be calcu-
lated similarly. One simply replaces the true outer
boundaries of the Fe film with perfectly reflective
boundaries at the midpoints of the Fe films.

There are still a large number of unknown parameters.
We make some simplifying assumptions in order to con-
centrate on the most important factors: (1) We assume
a model system of two equivalent simple metals, i.e., they
have the same Fermi energies, same mean-free-path
values, etc. In this case it is appropriate to neglect angu-
lar dependence'® of scattering at the Fe/Cr interfaces.
Also, it is natural to then assume that there is only
transmission or diffusive scattering'' at the Fe/Cr inter-
faces, i.e., Ry=R;=0. (2) We assume that the scatter-
ing at the outer boundaries is purely diffusive.

Despite the simplicity of these assumptions, our model
nonetheless gives a good account of the magnetic depen-~
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FIG. 2. The percentage change in resistance as a function of
applied field. The deviation of the experimental data from zero
at high field is a measure of the size of the magnetoresistance
anisotropy effect, neglected in the theory. The parameters for
the figure are N =6 and D; =0.48.

dence of the resistivity. We are now able to characterize
the resistivity of magnetic layered systems with just two
parameters—the diffusive scattering parameter 1—7T
=D;, and N =D/D,. D; should be a measure of the
roughness of the interface. For a perfect interface there
is translational invariance parallel to the layers and the
wave vector parallel to the layers must be conserved. In
this case the resistivity would not be changed due to
scattering of electrons at the interfaces, and there would
be no magnetoresistance effect. As interface roughness
increases, D; should also increase. N determines the
asymmetry in up-spin and down-spin scattering. If the
suggestion of Baibich er al.” is correct then N =6, a
value obtained from measurements of Fe samples with
Cr impurities. '?

We now turn to the results of the theoretical calcula-
tions. Figure | shows how the magnetoresistance effect
depends on the diffusive scattering parameter and on V.
These calculations are for a (120-A Fe)/(10-A
Cr)/(120-A Fe) structure with a mean free path A =180
A. As D, increases or as N increases the magnetoresis-
tance effect also increases. Since the experimental re-
sults show approximately a 1.5% effect for this case, we
can put a lower limit on the value of V at 1.6.

Figure 2 shows resistivity versus applied field for a
(120-A Fe)/(10-A Cr)/(120-A Fe) sandwich structure.
The theoretical curve is produced with parameters
A =180 A, appropriate to room temperature, N =6, and
D;=0.48. The angle 6 between the magnetizations in
the two Fe films is calculated by minimizing the sum of
the exchange, anisotropy, and Zeeman energies for this
structure. The parameters for the calculation were as
follows: interface exchange constant Ap;=—8.0x10*
J/m?, K=3.8x10* J/m?3, and the surface is a (110)
plane. The experimental results are those from Ref. 6.
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FIG. 3. Maximum percent change in resistance as a func-
tion of mean free path A for different structures and different
parameters D; and N. (---) D;=0.5, N=12; (—)
D1=0.48, N=6; (----) D}=0.5, N=0.2. The upper two sets
of curves are infinite superlattices with units cells as shown.
The lower set of curves is for the sandwich structure. Also in-
cluded are experimental results (@) from Ref. 6 and those es-
timated from Ref. 7. The low-temperature results are placed
at the side of the figure as we do not have sufficient data to ac-
curately estimate the low-temperature mean free path.

We see here that the theory is in reasonable agreement
with experimental results. One reason for the differences
may be that the theoretical calculations did not include
magnetoresistance anisotropy. In comparison to the
effect discussed here in Fe, the contributions of the mag-
netoresistance anisotropy is small; however, in other ma-
terials it may be considerably larger.'>'4

In Fig. 3 we explore the behavior of the magnetoresis-
tance effect as a function of mean free path and as
dependent on the number of layers. We also show exper-
imental results on the sandwich structure of Ref. 6 and
the multilayer structure of Ref. 7. As the mean free
path increases (a decrease in temperature) the magne-
toresistance effect grows larger. For the sandwich struc-
ture a change in mean free path from 180 to 6000 A
(change from room temperature to impurity-dominated
scattering at low temperatures) gives an enhancement of
the magnetoresistance effect by a factor of 2.5 in good
agreement with experiments. The theoretical results
show that the infinite superlattices have a significantly
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larger magnetoresistance effect (a factor of 10-30 times
larger depending on the mean free path and N) than the
single sandwich, again in agreement with the experimen-
tal results. This simply reflects the increased role of
spin-dependent interface scattering in the multilayered
systems with a large mean free path.

We stress that a determination of NV cannot be made
from a single sandwich structure alone. For example,
the N=6, D{=0.48 curve for the sandwich structure
shown in Fig. 3 is very similar to one calculated using
parameters N=12, Dy=0.44. However, in the superlat-
tice structure the N =12 case would give (p;; —p11)/p11
=137% at A =6000 A, a value much too high to agree
with the data. The fact that we obtain a reasonable fit to
both the sandwich and the superlattice results with a sin-
gle set of parameters (with N=6) gives considerable
support to the case N =6. A conclusive determination of
N would require detailed experimental results, particu-
larly on many-layered structures.

In conclusion, we have demonstrated that our model
correctly describes all the major features of the experi-
mental data. In particular, we have seen that increasing
the number of layers and increasing the ratio of mean
free path to thickness both significantly increase the size
of the magnetoresistance effect.
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