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Novel magnetoresistance effect in layered magnetic structures: Theory and experiment
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We study magnetoresistivity in ferromagnetic-nonmagnetic multilayers both theoretically and ex-
perimentally. The theoretical approach uses a Boltzmann equation with spin-dependent bulk and
interface scattering. We show that the resistivity increases when the magnetizations of the fer-
romagnetic films rotate from the parallel alignment to the antiparallel one. Bulk and interface con-
tributions are studied numerically as a function of the electron mean free path and film thickness,
and we show that these two effects produce characteristically different results. Experimentally we
investigated both epitaxial and polycrystalline (Fe/Cr),/Fe multilayers with n=1, 2, and 4. In this
system the antiparallel alignment is achieved by an antiferromagnetic coupling between the Fe lay-
ers across the Cr interlayer. We also found large magnetoresistance effects in Co/Au/Co structures
where the antiparallel alignment of the Co magnetizations was obtained by different coercive fields
in the two Co films. A detailed comparison of the theoretical and experimental results for epitaxial

Fe/Cr structures shows good agreement.

I. INTRODUCTION

Electrical transport properties of nonmagnetic metallic
thin films and multilayers grown by molecular-beam epi-
taxy (MBE) on insulating or semiconducting substrates
have been studied experimentally and theoretically by
many authors.! ”!! The interest in such systems is stimu-
lated by possible applications in microelectronic devices.
Electron transport in layered systems is modified, as com-
pared to the bulk, by additional scattering of electrons at
free surfaces and interfaces. A theoretical approach to
this problem, based on the Boltzmann transport equation
with appropriate boundary conditions, has turned out to
be very useful and satisfactory.

Very recently the transport properties of MBE-grown
magnetic multilayers'>~!7 and single films'® % have also
been investigated and have revealed a range of interesting
and attractive features resulting from the interplay of
electronic and magnetic properties. For example, in
Refs. 12 and 13 the magnetoresistivity of (Au/Co), mul-
tilayers was investigated in the case of ultrathin Co films
with perpendicular magnetic anisotropy. Despite the fact
that the resistivity was essentially determined by the rela-
tively thick Au films, the magnetic behavior of the Co
films was clearly seen in the magnetoresistance. The Co
films introduce some electron scattering that is strongly
dependent on their magnetic state.

Very interesting magnetoresistivity phenomena have
recently been found in epitaxial Fe/Cr superlattices'* and
sandwich structures.'>'® As is well known?""?? in the
Fe/Cr multilayers there is an effective exchange coupling
between neighboring Fe films for sufficiently small Cr film
thickness d,. This coupling varies from ferromagnetic at
d, <d. to antiferromagnetic at d,>d_, where d. depends
on the preparatlon condmons and is usually of the order
of few A (d.=4-7 A).16 The coupling finally vanishes
for d, greater than about 20 A. If the coupling is antifer-
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romagnetic then, in zero external magnetic field, the
neighboring Fe films are magnetized antiparallel. When
a strong enough magnetic field is applied in the film
plane, the antiferromagnetic coupling may be overcome
and the magnetic moments of all Fe films can be forced to
lie in the same direction. It has been found'* ! that the
resistance decreases when the film magnetizations rotate
from the antiferromagnetic alignment to the ferromag-
netic one. The decrease was about 1.5% in sandwich
structures at room temperature!® and about 50% in su-
perlattices at helium temperature.'* A mechanism that is
responsible for this change in resistivity is thus strongly
dependent on the magnetic state of the neighboring Fe
films.

The problem seems to be similar, to some extent, to
that of electron scattering from domain walls, which also
leads to negative magnetoresistivity, as discussed by Ca-
brera and Falicov.?® Their results, however, cannot ex-
plain the present experimental data. The mechanism
considered by them gives no change in resistivity in the
geometry where the current flows parallel to the domain
wall and parallel (or antiparallel) to the magnetizations.
Experimentally it has been shown that the large magne-
toresistance effect in layered systems is nearly the same
for current flowing parallel or perpendicular to the mag-
netizations,'* 1% and the small difference can be attribut-
ed to the magnetoresistivity anisotropy effect.

In a recent paper* a simple theoretical model for the
description of the effect has been proposed, which is
based on the phenomenological Fuchs-Sondheimer
theory?>?® with a spin-dependent interface electron
scattering. The basic assumption underlying the descrip-
tion is that roughness of the Fe-Cr interfaces produces
some spin-dependent diffusive electron scattering that is
very similar to the spin-dependent impurity scattering in
magnetic Fe, Cr,_, alloys.?’ This spin asymmetry results
from the corresponding asymmetry in the density of

8110 ©1990 The American Physical Society



42 NOVEL MAGNETORESISTANCE EFFECT IN LAYERED . ..

states for spin-up and spin-down electrons. Although the
description includes many simplifications, it reproduces
all general trends of the effect, particularly its tempera-
ture and film-thickness dependence, as well as its depen-
dence on the number of interlayers.

In this paper we extend the theoretical description of
the magnetoresistance resulting from the transition from
antiparallel-to—parallel arrangement of the film magne-
tizations in multilayer structures. In addition to the in-
terface scattering considered earlier, we also include a
bulk contribution to the effect, which may occur in sys-
tems in which the intrinsic bulk mean free path (MFP) of
electrons in ferromagnetic layers is spin dependent. This
may be the case in some pure ferromagnetic metals, par-
ticularly Ni. This also takes place when the ferromagnet-
ic metal contains some impurities that lead to spin-
dependent electron scattering.?’

We also present here some new experimental data for
the magnetoresistance in epitaxial and polycrystalline
(Fe/Cr),/Fe multilayers with n =1, 2, and 4 Cr inter-
layers, including the temperature dependence of the
effect. In addition, we report on magnetoresistivity in
Co/Au/Co structures, where the antiparallel alignment
was achieved by different coercive fields of both Co films
and not by an antiferromagnetic exchange coupling be-
tween the ferromagnetic films, as in the case of the
Fe/Cr-layered structures.

The remainder of this paper is as follows. In Sec. II
the theoretical model is described and the basic formulas
for the magnetoresistance are derived. Some numerical
data are presented and discussed in Sec. III. The experi-
mental data of the magnetoresistance in Fe/Cr-layered
structures, both epitaxial and polycrystalline, are present-
ed in Sec. IV. In Sec. V we show data for the Co/Cu/Co
system, with the antiparallel arrangement obtained by
different coercive fields. In Sec. VI we discuss the basic
results and present a detailed comparison of the theoreti-
cal calculations, with the experimental data obtained in
epitaxial Fe/Cr structures.

II. THEORETICAL DESCRIPTION

Consider a layered structure consisting of two identical
ferromagnetic layers, magnetized in the film plane and
separated from one another by a nonmagnetic (or antifer-
romagnetic) spacer, as shown schematically in Fig. 1.
The corresponding film thicknesses are d (d =b —a) and
d, (dy=2a) for the ferromagnetic films and interlayer,
respectively, where a and b are defined in Fig. 1. An elec-
tric field E is applied in the film plane, along the axis x of
the coordinate system. The axis z of this system is nor-
mal to the film plane.

If there is an antiferromagnetic exchange coupling be-
tween the layers across the interlayer then the magnetiza-
tions will be antiparallel for small values of the external
magnetic field. If the magnetic films are exchange decou-
pled and have different coercive fields then the antiparal-
lel alignment can be obtained by applying a proper exter-
nal field. If the magnetic fields are coupled by an antifer-
romagnetic exchange interaction then the magnetizations
of both layers are not spatially uniform, in the general
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FIG. 1. Geometry of a double-layer structure and the coordi-
nate system used in theoretical description. The broken line

corresponds to a plane at which the spin quantization axis is
changed.

case.?® The uniform state occurs only in zero magnetic
field, with strictly antiparallel alignment or in a
sufficiently strong magnetic field that forces a uniform
parallel arrangement. In our considerations, however, we
neglect this small nonuniformity. We assume a uniform
magnetization in each layer at arbitrary magnetic field.
This assumption is quite reasonable when the interlayer
exchange coupling is much weaker than the correspond-
ing bulk one, which is just the case in the relevant experi-
ments discussed below. In the general case, we assume
that the angle 6 between the magnetizations of both lay-
ers is quite arbitrary. The angle € can be determined by
minimizing the sum of the exchange, anisotropy, and
Zeeman energies for the multilayer structure.

If the quantum corrections to the conductivity are
negligible, the electron transport in thin metallic films
can be described in terms of the Fuchs-Sondheimer
theory, which includes the diffusive electron scattering on
surface inhomogeneities by appropriate boundary condi-
tions.>>»?¢ This phenomenological theory was successful-
ly applied to many different problems, including trans-
port in multilayers with or without an external magnetic
field.?

To describe the electron transport in our systems, we
extend the Fuchs-Sondheimer theory by including spin-
dependent electron scattering inside the ferromagnetic
films and at the interfaces. As is well known, the electron
transport in magnetic 3d metals is described by a two-
current model that takes into account a difference in
scattering rates (or mean free paths) for spin-up and
spin-down electrons.?’” This spin asymmetry is particu-
larly strong in some magnetic alloys, where the ratio of
the scattering rates for both spins can be of the order of
10. In the simplest approximation one may neglect any
mixing of the two currents by spin-flip processes. This
approximation seems to be reasonable at least at low tem-
peratures. Similar spin asymmetry will be assumed here
for the interface scattering.
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In each layer the electric current is determined by the
approprlate distribution functions for electrons with spin
up and spin down and with the velocity v, f'V(z,v),
which depend only on the z component of the position
vector because of the translational symmetry in the film
plane. Following the general formalism, we decompose
the distribution functions into two parts; the equilibrium
(in zero electric field) distribution function f(v) and a
small contribution g rel Y(z,v) induced by external fields:

fT(l)(z,v)=f0(v)+gm)(z,v). (1)

By substituting Eq. (1) into the Boltzmann equation and
considering only first-order terms, we obtain an equation
for g "'Y(z,v) in each layer:

1 fa(v)
g “z,v) _ eE folv ’ @)

oz 1y, mv, v,

agT(l)(z’v)

where e and m denote the electron charge (e >0) and
electron effective mass (assumed independent of the elec-
tron spin) and 7'V are the relaxation times for spin-up
and spin-down electrons. In the general case we assume
that 7’547} for the ferromagnetic layers. In Eq. (2) we
have neglected the diamagnetic term that results from the
Lorentz force. This term can lead, in general, to some in-
teresting magnetoresistivity effects in thin films.2® Tt is
also responsible for a negative magnetoresistivity due to a
diamagnetic deflection of the electron orbits at the
domain walls.?* These corrections, however, depend
strongly on the geometry and are different for all main
experimental configurations.’»?®  The experimental
data'»!® considered in this paper, on the other hand,
show nearly the same effect for all the basic geometries.
Thus, it seems to be reasonable to neglect this term in the
first approximation.

Following the general method, we divide g''*)(z,v) in
each layer into two parts; one for electrons with positive
v,, 8 L( Y(z,v), and another one for negative v,, g M (z,v).
The general solution of Eq. (2) can be written in the form.

eEr'Y 9fp(v)

m v,

1+F 1Y (v)exp 3)

_Fz
TT(“|UZ|

where F1'Y)(v) are arbitrary functions of the electron ve-
locity v, which are to be determined from the appropriate
boundary conditions as described below.

The quantization axis for the electron spin in the fer-
romagnetic layer is equivalent to the corresponding static
magnetization axis. When an electron crosses the inter-
layer, we have thus to take into account the change of the
quantization direction. One can do this by introducing a
J

CT(UFL(l)—(pT(l l))F;(i)zp/T‘(l)_l ,

CT(UFDT(l)_(pl;(l)/CT(l))Fg(i)=pDT(l)_1 ,
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plane in the middle of the interlayer, at which the quanti-
zation direction is changed. Thus, the quantization axis
in the regions denoted in Fig. 1 as 4 and B is parallel to
the static magnetization in the left layer (region A4) and
the quantization axis in the regions C and D is parallel to
the magnetization direction in the right layer (region D).
In each of the four regions A4, B, C, and D one can write
Eq. (3) with the corresponding functions F}Y), Fi(",
FIY, and F)}). To determine these functions we apply
the Fuchs boundary conditions at the free surfaces:

) — T, 1)
84+ P4 84—

) = 100, 1)
gbt =pf Vet

atz=-—>b , 4)
at z=b , (5)

where p“l and pg(“ are the Fuchs specularity factors
which, in general, may also be spin dependent. The z and
v dependence of the g functions in Egs. (4) and (5) is not
written explicitly, and it will also be dropped in the
boundary conditions described below. For simplicity we
have neglected any regular dependence of the specularity
coefficients p |V’ and p ")

At the interfaces between the ferromagnetic films and
the interlayer the boundary conditions can be written in
the form:

gL(i)"T”“g _+_RT(1) T(i) atz=—a , (6)
g;‘ﬁ):T““g““%-RT“ 1) atz=—a , (7)
gh P =T gl L RTWgHD 5t 7 =¢ | (8)
gé(_l):TT(l)gT(l)+RT(l) at z =a , 9)

where T''Y' and R are the coefficients of a
nondiffusive (specular) transmission and a reflection of
electrons at the interface between the regions 4 and B, as
well as between the regions C and D. We have neglected
any angular dependence of these coefficients. We also
neglect the diffraction effects that may occur when the
electron Fermi velocities in both materials are different.
Apart from this, we have assumed the same transmission
and reflection coefficients for electrons incident on the in-
terfaces from the left and right sides. The later assump-
tion is reasonable for metals having comparable work
functions.
At the fictitious interface at z =0 one can write

gd'V =cos¥(0/2)gp} +sin¥(6/2)gz!) atz=0, (10

gat) =cos¥(0/2)gl't +sin¥(8/2)gl ) atz=0, (11

where 6 is the angle between both spin quantization
directions, i.e., between the magnetization axes.

Equations (4)-(11) form a complete system of bound-
ary conditions. By taking Eq. (3) into account one can
write them in the following form:

T(l)le(l)FL(i)+(TT(i)yT(l)/dz)FI}(_l)_(l/le(l))FL(i)=1_R T(l)__yT(l)TNl) , (14)
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(R “”y““/dz)Fg‘_“+T““d1““Fj‘i)-yT”’szg‘i)=y““—R TIL)yT(l)_TT(l) , (15)
RT(l)df(“Fg(_“—(T““yT(“/dz)Fct(_“—(l/le(“)FlT)(i):l—R T(l)_yT(l)Tﬂl) , (16)
(R T(l)yT(“/dz)Fé(i)+TT(l)d1'(“FDT(_“—y”“szé(_l)=yT(“—yT(“R T(l)_Tt(l) , 17
cos?(8/2)Fp +sin*(8/2)F3 1 —FlY =0, (18)
cos¥(0/2)FY) +sin¥(0/2)FLY —Fj Y =0, (19)

where the v dependence of the F functions is not written
explicitly, and the parameters ¢ '), d]'Y), and d, are
defined as

¢ W=exp(b/A]VcosB) , (20)
d]'V =expla/A]{Vcosp) , 1)
d,=expla /Aycosp) . (22)

Here 3 is the angle between the z axis and the velocity v,
and A" is the electron MFP for spin-up (spin-down)
electrons in the ferromagnetic layers

}“I(l):vFlTlT(“ , (23)

with vy, and 7]'!) being the Fermi velocity (assumed the
same for both spin directions) and the corresponding re-
laxation times. Similarly, A, is here the electron MFP in
the interlayer

}\.2 = UpaTh (24)

with vp, and 7, being the corresponding Fermi velocity
and relaxation time. The parameters y''!’ in Egs.
(12)-(17) take into account the difference in the electron-
ic properties of both materials (ferromagnetic films and
interlayer) and are defined as

yT=%rs(l+Nb) R (25)

y'=1rs(1+1/N,), (26)
where

Ny=hAr/A, 27

r=2%/(A+A]), (28)

S =m Vg, /MyVp; , (29)

with m; and m, being the effective electron mass in mag-
netic layers and interlayer, respectively. The parameter
N, describes the spin asymmetry of the bulk scattering
rate in the ferromagnetic material. Equations (12)-(19)
determine all of the unknown F functions and, conse-
quently, the electron distribution function, and current
density. As the coefficients in Eqgs. (12)—(19) only depend
on the angle between the velocity and the z axis, i.e., on
B, the F functions can also be considered as functions of
B, F(v)—F(f). In the following, Egs. (12)-(19) will only
be solved numerically.

The total current I (per unit length along the y axis) is
given by the general equation

I=—e fdz fdv[gT(v,z)-f-gl(v,z)]ux , (30)

f

where the integration over z has to be performed in each
region separately. The integration over v can be carried
out very easily assuming the degenerate electron gas. Fi-
nally, one can write the expression for the current I in the
following form:

I=0d,YE , (31)

where o, is the bulk conductivity of the ferromagnetic
material

o,=cr11+01l , (32)
d, is the total thickness of the sandwich
d,=2d +d, , (33)
and Yy is defined as follows:
X=1+(u—1)do/d,+(%d,)f0”/2d5h (Bsin’Bcosp .
(34)

The function 4 (B) in the above integral is given by the
following expression:

h(B)=plh,(B)+(1—mATh T (B)+(1+mAihiB) ,

(35)
with
hy(B)=(F}, +Fj_+Fl_+Ft )d,—1)
+(Fy_+Fj_+FL, +Fi ) (1—1/d,), (36)
(Fh, —F) _)c'=d)])
+(Fy_+F) zdl—1/¢h), 37
hiBY=(FY, +F}_)c*—d})

|

hlB)

+(FY_—F} )(1/d}—1/¢%, (38)

where ¢ ''*), d1Y), and d, are given by Egs. (20)-(22) and
the parameters p and 7 are defined as

u=o,/0,=rts , (39)
n=(o{—o)/lot+a])=(N,—1)/(N,—1) .  (40)

In the above equations o, is the bulk conductivity of the
interlayer, N,, r and s are defined by Egs. (27)-(29), and ¢
is the ratio of the electron concentration in the interlayer
(n,) and in the magnetic material (n,), t =n,/n,. The B
dependence of the right-hand side of Eqs. (36)-(38) is
contained in the F functions, as discussed above.

The resistivity p of the system is then given by
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p=1/0X . 41)

The relative change of the resistivity at the transition
from 60 to 6=0 (parallel alignment) is given by

_ Plo—plo=o _ Xlo=o .
Plo=o Xlo

Equation (42) is the basic result for the relative magne-
toresistivity in double-layer structures. The quantity x
can also be expressed in terms of the magnetic field H|
when one knows the H, dependence of 6. To character-
ize the size of the effect it is sufficient to give only an am-
plitude of the effect, i.e., its value when the arrangement
changes from antiparallel-to—parallel alignment. This
amplitude, described in the following as (p''—p'")/p'1,
is given by x (0=m):

x(0) 1. (42)

(" —p"M/p=x(0=m), 43)

where p't and p'! are the resistivities with antiparallel
and parallel alignment of the film magnetizations, respec-
tively, (p"'=plo=q, p'* =plo=,)-

The above considerations can be generalized easily to
more complicated structures, such as multilayers with
two or more interlayers. They can also be generalized to
infinite periodic superlattices. In the latter case one can
do this using two different methods. (1) One can write
the basic equations for the elementary unit of the super-
lattice, consisting of two magnetic layers (with thickness
d) and two interlayers (with thickness d;), and then apply
periodic boundary conditions. (2) One may consider only
a three-layered structure with two magnetic layers (of
thickness d /2) and one interlayer (of thickness d,) and
then apply the perfectly reflecting boundary conditions at
the external surfaces (the specularity factors equal to 1).
The later trick can also be applied to generate solutions
for composed structures from solutions known for multi-
layers with smaller number of interlayers. We have per-
formed appropriate calculations for multilayers with two
and four interlayers (three and five magnetic layers) as
well as for an infinite superlattice. The appropriate ex-
pressions are very similar to those given above and will
not be presented here. We show only appropriate numer-
ical results.

III. NUMERICAL RESULTS

As can be seen from the preceding section there are, in
general, many independent parameters that enter the
final formula for the relative change of the resistivity,
(p"t—p™)/p"". Some of them are not known, and it
seems to be difficult to determine them from available ex-
perimental data. We have thus to simplify the problem
by some additional assumptions. At first we assume that
the specular reflection coefficients R' and R‘' are
sufficiently small® to be neglected in further calculations,
R"=R'=0. This assumption is reasonable if the poten-
tial step at the interface is relatively small. Since the
work functions for Cr and Fe are comparable, one may
expect this assumption to be correct for Fe/Cr multilay-
ers. Apart from this, we neglect any difference between
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the Fuchs parameters for electrons with spin up and spin
down assumingpf1 =pi=ph=ps=p.

To characterize the magnitude and basic features of
the effect we neglect first any difference between the con-
ductivities of both materials assuming t =s =r =1. This
assumption is reasonable when the conductivities of both
constituents are comparable and the interlayer thickness
is much smaller than that of the ferromagnetic layers,
dy<<d. (In the following sections, however, the
difference in conductivities will be taken into account.)
Thus, we have reduced the number of independent pa-
rameters to only four: TT, Tl, N,, and p. Instead of T!
and T' we introduce the interface diffusive scattering pa-
rafneters of D" and D' that are determined by T' and
T*® as

DT(l)zl__TT(l), (44)

which results from the particle conservation law and the
omission of specular reflection at the interfaces. As in-
dependent parameters we assume now D T, N;, Ny, and p,
where N, is defined as the ratio of the diffusive scattering
parameters for spin-up and spin-down electrons

N,=D"/D*'. 45)

The parameter N, describes the spin asymmetry of the
diffusive scattering of electrons at the interfaces.

Under the above assumptions the magnetoresistivity
consists of two different contributions. The first one,
which we call the bulk contribution, results from the
difference of the intrinsic scattering rates for spin-up and
spin-down electrons in the ferromagnetic material and is
described by the parameter N,. Another contribution re-
sults from the spin-dependent interface diffusive scatter-
ing and is described by the factor N;.

The basic problem is to determine the origin of the
effect observed in Fe/Cr-layered systems.'* !¢ In other
words, it is interesting to consider whether the experi-
mentally observed effect results from the interface or bulk
contribution, or if it is a superposition of both of them.
At first, however, we analyze numerically some basic
features of each contribution separately. We assume here
that the asymmetry of the scattering rates for spin-up and
spin-down electrons that are diffusively scattered by the
Fe-Cr interface roughness is the same as in Fe;_,Cr, al-
loys. As is well known,? in this alloy the spin asymmetry
is described by the factor N, =6 and results from a spin
asymmetry in the density of electron states at the Fermi
energy, caused by the Cr impurities. The same mecha-
nism and number N; is assumed to be valid for the Fe-Cr
interfaces. We cannot find, however, the appropriate
value of N, for pure Fe in the relevant literature. In the
following numerical calculations in this section we thus
assume N, =6 and N, =2.

In Fig. 2 we present numerical results independently
for the (a) bulk and (b) interface contributions to the mag-
netoresistivity. Here we plot the percent change in resis-
tivity for double layers versus the arithmetic mean value
A, of the MFP in the ferromagnetic material

M=AT+AbH /2. (46)
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The appropriate results are shown for structures with
different specularity factor p. Note, that the case p =1 is
equivalent to the infinite superlattice with doubled thick-
ness of the magnetic layers. With the assumed values of
N, and N, both contributions are comparable and they
are also comparable with the experimental results. How-
ever, the MFP dependence of the bulk contribution in
double layers with p <1 is qualitatively different from
that of the interface contribution. As is seen in Fig. 2,
the bulk contribution has a maximum at a well-defined
MFP. For an appropriate range of p this MFP can be
reached experimentally (at appropriate temperatures).
Thus, the temperature dependence of the bulk contribu-
tion should also exhibit a maximum. The interface con-
tribution, on the other hand, does not show such behav-
ior. It always increases with decreasing temperature.
This difference in temperature dependence offers a possi-
bility to distinguish experimentally between both contri-
butions. The experimental data of Refs. 14—16 favor the
interface contribution as the dominant one.

Another possibility to distinguish experimentally be-
tween the bulk and interface contributions results from
the thickness dependence of the effect. In Fig. 3 we show
numerical results for the relative magnetoresistivity in

12_ T T T T T T T T T T
3 10[(3)
AN
f 8
= 4
IS 2[\ p=0.5 _
~— =00 =
0 | | | | | | | 1 i I
0 1 2 3 b 5
x,(10°A)
50 1 I I T ] T I 10! I
- p=1 -
: l"o_(b) i
Q.
> T p=09 -
= 30 .
S _
= 20r _
3 B =05 1
10k i -
e L p=00
0.__1 | | 1 | | | | | |
0 1 3 4 5
x,(107A)

FIG. 2. (a) Bulk and (b) interface contribution to the magne-
toresistivity in double layers with d =100 and 10 A for different
values of the specularity factor p. The curves in (a) have been
calculated for N,=2, D'=0, and r =s=r =1, whereas the
curves in (b) for N,=6, D'=0.5, N,=1,and r =s =¢ =1.
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double layers versus the thickness d of the magnetic films.
For large d the effect decreases in both cases with increas-
ing d. For small d the behavior is different for both con-
tributions.

Some numerical results for the interface contribution
to the magnetoresistivity have already been presented
elsewhere.?* The considerations have been restricted
there to double layers and infinite superlattices. We have
concluded that the comparison of the experimental and
numerical calculations should allow, in principle, the
determination of the two independent parameters D ' and
N, (assuming N, =1 and known specularity factor p).
However, the temperature dependence of the effect in a
double-layer structure is not sufficient for this, since the
same magnitude of the effect for the whole relevant tem-
perature range can be obtained with different sets of the
parameters D' and N,. To determine them uniquely one
also has to take into account the dependence of the effect
on the number of interlayers. In Fig. 4 we show the mag-
nitude of the interface contribution to the relative magne-
toresistivity in multilayers with one, two, and four inter-
layers and in superlattices. The numerical results are

" (a)

1072 (p*-pH) /ot

d (10%3)

FIG. 3. (a) Bulk and (b) interface contribution to the magne-
toresistivity in double layers vs thickness of the ferromagnetic
layers. The curves are calculated for the specularity factors as
indicated. The interlayer thickness is assumed to be constant,
dy=10 A. The other parameters assumed in numerical calcula-
tions are (a) N,=2, D'=0, A,=200 A, and r=s=t=1; (b)
N,=6,D'=0.5,N,=1,A,=200A, and r =s =1 =1.
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presented here for three different sets of D' and N,
which give the same effect in a double-layer structure, as
is shown by the lowest three curves in Fig. 4(a). One can
see that the effect strongly increases with the increasing
number of interlayers. Apart from this, the curves for
the multilayers with more than one interlayer are well
separated from each other, contrary to the case of a sim-
ple double layer. The difference increases with an in-
creasing number of interlayers and it also increases with
decreasing temperature.

To understand the increase in the size of the effect with
an increasing number of layers, we note that our ratio
essentially measures the magnetic-dependent scattering
divided by the nonmagnetic scattering. (Of course the
denominator should be all scattering, but the magnetic
portion is very small). To increase this ratio, we can ei-
ther increase the numerator by increasing the number of
magnetic scattering events (i.e., increase the number of
interfaces) or we can reduce the denominator. In the lim-
it that the mean free path is longer than the thickness of
the sample, the primary method to reduce the nonmag-
netic scattering is to reduce interactions with the outer
surface. Thus a thicker film has a lower resistivity. In
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FIG. 4. (a) Interface contribution to the magnetoresistivity in
multilayers with n =1,2,4 interlayers (b) and in superlattices,
n = o, vs the MFP in the ferromagnetic material. The parame-
ters assumed here are Ny=1, dy=7 A, d =100 19&, and p =0.
The other parameters are D'=0.44, N;=12 (——); D'=0.48,
N,=6(——-—. ); D'=0.588, N,=3 (— — —).
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our calculations we find both effects to be about equal in
importance.

IV. EXPERIMENTAL RESULTS
FOR Fe/Cr-LAYERED STRUCTURES

Epitaxial (Fe/Cr),/Fe samples with n =1, 2, and 4 and
the thicknesses d =120 A and dy=10 A were evaporated
on [110]-oriented GaAs. Then the Fe layers grow parallel
to the (110) atomic planes. The magnetic easy axis is in
the film plane and is parallel to the [100] direction,
whereas the in-plane hard axis is perpendicular to the
easy direction. To measure resistivity the samples were
prepared in the shape of a long thin stripe, with the easy
axis along the stripe. Further preparational and experi-
mental details have been published elsewhere. '’

For the Cr-interlayer thickness of d,=10 A there is an
antiferromagnetic coupling between the Fe films across
the interlayer.?"?? In zero external magnetic field the Fe
films are then magnetized along the easy direction (and
consequently along the stripe) and the magnetizations of
the neighboring Fe films are antiparallel to one another.
At a well defined and strong enough magnetic field, ap-
plied along the easy direction, the magnetizations rotate
from the antiparallel alignment to the parallel one. This
rotation is accompanied by a decrease in the resistivity,
which is measured for currents flowing along the stripe.
In both parallel and antiparallel configurations the
current flows parallel (or antiparallel) to the film magneti-
zation, so there is no change in the resistivity due to the
magnetoresistivity anisotropy effect. The whole decrease
of the resistivity results from the transition from
antiparallel-to—parallel alignment of the Fe-film magne-
tizations.

In Fig. 5 we show magnetoresistance traces for the
three investigated structures and for three different tem-
peratures. The resistance of each system is plotted here
as it is observed during a scan through the hysteresis
loop. One can see that the resistance decreases at some
external magnetic field, where the transition from
antiparallel -to—parallel arrangement of the film magne-
tizations takes place. Further experimental data are
given in Fig. 6, where the temperature dependence of the
relative change of the resistivity, as defined by Eq. (43), is
presented. It is clear that the effect increases with de-
creasing temperature and with an increasing number of
the Cr interlayers. At helium temperature the relative
change is about 14% for the multilayer with » =4 inter-
layers, 6.5% for the structure with n =2, and 4% for the
double-layer system (n =1). The corresponding room-
temperature values are 2.8, 2.1, and 1.5 % for n =4, 2,
and 1, respectively. The corresponding absolute change
of the resistivity is shown in Fig. 7. It is worth noting a
broad maximum in the temperature dependence of
p't—p'", which shifts towards lower temperature with
an increasing number of Cr interlayers.

We have also prepared polycrystalline Fe/Cr-layered
structures that were grown on oxidized silicon. As in the
case of epitaxial samples, we found an antiferromagnetic
interlayer coupling between the Fe films, which occurs
for appropriate range of interlayer thicknesses. The pres-
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FIG. 5. Resistance of the epitaxial (Fe/Cr),/Fe structures with antiferromagnetic interlayer couplmg vs applled magnetic field for
n =1,2,4 and for different temperatures. The thicknesses of the Fe and Cr layers are d =120 A and dy=10 A, respectively. The
magnetic field was applied along the flowing current. Further details are in the text.

ence of this coupling was checked, as before,?! using the
magneto-optic Kerr effect (MOKE) signal measurements
and by light-scattering techniques, and its strength was
found to be comparable with that in the epitaxial multi-
layers grown on GaAs.

The appropriate magnetoresistivity measurements in
polycrystalline samples have been performed for an exter-
nal magnetic field parallel and perpendicular to the flow-
ing current. Some of the experimental results, obtained
for simple double layers and multilayers with two Cr in-
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FIG. 6. Temperature dependence of the relative change of
the resistivity in the epitaxial (Fe/Cr),/Fe structures with
n =1,2,4. Film thicknesses and other details as in Fig. 5.

terlayers, are shown in Fig. 8 for room and helium tem-
perature. The traces for the magnetic field parallel and
perpendicular to the current differ due to the magne-
toresistivity anisotropy effect. To estimate the relative
change of the resistivity, which results from the rotation
of the film magnetizations from the anti-
parallel-to—parallel alignment, one has to subtract the
anisotropy contribution from the total change. The per-
centage change of the resistivity is then a little smaller
than in the corresponding epitaxial structures.
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FIG. 7. Temperature dependence of the absolute change of
the resistivity in epitaxial (Fe/Cr),/Fe structures with
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V. MAGNETORESISTIVITY
IN THE Co/Au/Co SYSTEM

The magnetoresistance effects investigated in this pa-
per consist of a decrease in the resistivity when the mag-
netizations of the ferromagnetic layers, separated by a
nonmagnetic (or antiferromagnetic) layer, rotate from
antiparallel-to-parallel alignment. In the Fe/Cr-layered
structures described in the preceding section, the antipar-
allel alignment was induced by an antiferromagnetic ex-
change coupling between neighboring Fe layers across
the Cr interlayers. The origin of the antiparallel align-
ment, however, was not important for the theoretical
description of the effect, which was presented in Sec. II.
One may thus expect similar effects in double layers with
no antiferromagnetic coupling between the ferromagnetic
layers but with the antiparallel alignment obtained by
other means, for example by different coercive fields of
both ferromagnetic films. To analyze this problem we
have fabricated Co/Au/Co double layers with the Au in-
terlayers thick enough so there is no exchange coupling
between the Co films. The first Co layer was evaporated
on [110]-oriented GaAs, whereas the second one was
grown on the Au interlayer. Owing to this fact, both Co
films have different coercive fields. In Fig. 9(a) the hys-
teresis loop obtained via the magneto-optic Kerr effect
(MOKE) at room temperature is shown for the
Co/Au/ go structure with a Au interlayer thickness
dy=60 A and Co film thickness d =100 A. As one can
see, there is a range of magnetic fields where the magneti-
zations of both Co layers are aligned antiparallel, as indi-
cated by arrows in Fig. 9(a). In Fig. 9(b) and 9(c) we
show the resistance traces as we scan through the hys-
teresis loop for room and low temperature. The experi-

mental configuration here was the same as in the case of
epitaxial Fe/Cr structures, i.e., the current flows parallel
to an external magnetic field. At sufficiently high mag-
netic fields the magnetizations of both ferromagnetic
films are parallel. We see that the resistivity increases
each time the antiparallel alignment is achieved during a
scan through the hysteresis loop. The relative change of
the resistivity, defined in the same way as previously, in-
creases with decreasing temperature. We have also inves-
tigated samples with other film thicknesses. The results
show that the effect increases with a decreasing thickness
of the films. The magnetoresistivity in the Co/Au-
layered system has thus the same basic features as in the
Fe/Cr structures.

VI. COMPARISON OF THE THEORETICAL
AND EXPERIMENTAL RESULTS FOR
EPITAXIAL Fe/Cr STRUCTURES
AND DISCUSSION

The basic features of the effect, found experimentally
are (i) the effect increases with decreasing temperature;
(ii) it increases with decreasing film thickness; (iii) it in-
creases with an increasing number of interlayers. All
these features can be used for verification of the theoreti-
cal predictions with the experimental results. However,
the most reliable one seems to be the temperature depen-
dence of the effect. This follows from the fact that the
relevant experiments are performed on one single sample.
In the case of other features one has to compare data ob-
tained on different samples. The basic parameters, how-
ever, are not strictly reproducible and have some statisti-
cal distribution, which makes the comparison more
difficult.
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In the following we present a more detailed analysis of
the new magnetoresistance effect in the case of epitaxial
Fe/Cr structures and compare the experimental data
with the appropriate numerical calculations.

We assume for simplicity that the whole difference in
the conductivities of both constituents results from the
difference in the corresponding MFP’s and the other elec-
tronic parameters are the same for both materials. In nu-
merical calculations appropriate for Fe/Cr structures we
assume thus r =2 and s =¢ =1. Apart from this, we as-
sume N, =6 according to the data obtained from Fe-Cr
alloys.'+27

To compare theoretical predictions with the experi-
mental data shown in Fig. 6 one has to evaluate the in-
trinsic electron MFP in the Fe films (the MFP in the Cr
films is then determined by the parameter r). To do this
we applied the following procedure. Assuming certain
values for the parameters p, D', and N,, and employing
Eq. (41) (or its extensions for larger n) we determined the
resistivity of the structure at parallel alignment of the

temperature dependence of the relative change of the
resistivity. This has to be in agreement with the ap-
propriate experimental results. One has thus to find a set
of the relevant parameters which is consistent with the
experimental data for p'' and (p"* —p'")/p'!. In the ap-
propriate calculations we assumed pA,=const and for Fe
we used p=9.7 uQecm and A, =200 A at room tempera-
ture.?’ This assumption works very well for simple met-
als. It is also usually applied for transition metals. How-
ever, one has to realize that in the later case there are
considerable deviations from this approximation.* The
appropriate results for the epitaxial Fe/Cr structures in-
vestigated in this paper are shown in Fig. 10, where the
lines represent theoretical results and the dots correspond
to the experimental data from Fig. 6, which have been
adapted to the A, scale as discussed above. The agree-
ment is satisfactory.

In the numerical calculations described above we as-
sumed the same N, N,, and p for all structures. The
only parameter that was allowed to be different for
different samples was D '. The values of D' at which the
best fit was obtained are D ' =0.485 for n = 1, D 1=0.445
for n =2, and D '=0.495 for n =4. These values differ
from each other by less than 10%, which is quite reason-
able. We note that a relatively small value for N, is as-
sumed for Fig. 10. The good agreement between experi-
ment and theory indicates that for our samples interface
scattering is more significant than bulk scattering.

In conclusion we may state that the simple theoretical
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description of the effect, presented in this paper, gives
reasonable agreement with the experimental data. A
small difference between experimental and numerical re-
sults can follow from the assumed approximations, the
most important of which is the assumption of a spherical
Fermi surface. One has to realize that some features of
the electron scattering from surface or interface inhomo-
geneities are not described properly by the simple Fuchs-
Sondheimer theory, especially when the mean free path is
much longer than the film thickness.”” At small
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thicknesses one should also take into account the
quantum-size effect.’® These and related questions are
planned to be analyzed in the future.
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