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The Boltzmann equation is solved for a system consisting of a ferromagnetic—normal-metallic multi-
layer. The in-plane magnetoresistance of Fe/Cr and Fe/Cu superlattices is calculated for (1) varying in-
terfacial geometric random roughness with no lateral coherence, (2) correlated (quasiperiodic) rough-
ness, and (3) varying chemical composition of the interfaces. The interplay between these three aspects
of the interfaces may enhance or suppress the magnetoresistance, depending on whether it increases or
decreases the asymmetry in the spin-dependent scattering of the conduction electrons. Properties of the
interfaces relevant to the giant negative magnetoresistance are discussed.

I. INTRODUCTION

Multilayers composed of alternating layers of fer-
romagnetic (F) metals separated by normal-metallic
spacer (S) layers, in which the magnetic moments of the
neighboring F layers are arranged in an antiparallel
configuration to each other, show a drop in resistivity un-
der the application of an external magnetic field; this
drop occurs as the field aligns the magnetic moments of
the F layers parallel to each other. This negative magne-
toresistance (MR) has been observed in various
sandwiches' =7 and superlattices, §-12 such as
NiFe/Cu/NiFe, NiFe/Ag/NiFe, (Fe/Cr),, (Co/Cu),,
(Fé/Cu),, and (Co/Ru), to name just a few. In some
cases the MR is large,*'? as in (Fe/Cr), and (Co/Cu),.
Currently'® the largest MR observed at room tempera-
ture is in the (Co/Cu), multilayer where the MR defined
as Ap/p=[R(0)—R(H)]/R(H,), is as large as 65%
for a saturating field H, as small as 10 kOe. Systems
with a MR larger than 20% are said to exhibit a giant
magnetoresistance (GMR) and could be very useful for
applications in microelectronic devices.

Experimental'*~!* investigations seeking the origin of
the GMR have found that the interfaces in the multilay-
ers play a key role. Depositing ultrathin layers of ele-
ments (V, Mn, Ge, Ir, and Al) at the Fe-Cr interfaces
Baumgart et al.'> found that the MR changed in a
manner which correlated with the ratio of spin-up and
spin-down resistivities arising from spin-dependent im-
purity scattering of these elements when alloyed with Fe.
Parkin!* found that the addition of thin Co layers at the
interfaces of NiFe-Cu multilayers enhanced the MR.
The MR increased monotonically as the Co layer in-
creased to 4 ;\, then became insensitive to the thickness
of the Co layer with a MR similar to that of (Co/Cu),
despite the presence of NiFe layers sandwiched between
the thin Co layers. Fullerton et al.'” found that a sys-
tematic increase in the interfacial roughness at Fe-Cr in-
terfaces enhanced the MR.
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Most of the theoretical approaches'®™%° assume that

the current is carried by two conduction-electron chan-
nels, associated with spin-up and spin-down electrons.
Sizable values of the MR are obtained when total scatter-
ing rates for the spin channels are very different both be-
tween themselves and in the two magnetic configurations.
These theories'®™!° predict a GMR when the main spin-
dependent scattering mechanism is localized around the
interfaces and a smaller MR when the predominant spin-
dependent scattering occurs within the bulk of the layers.

A precise description of the character of the interfaces
and the resulting spin-dependent scattering mechanisms
are currently unavailable either from experiment or from
theory. There are several possibilities, which depend on
the growth conditions and the materials used during fa-
brication. Interdiffusion may be present and intermix the
elements within a region around each of the interfaces.
By contrast there may be regions, laterally along the in-
terfaces, with little interdiffusion but with variations in
thickness, i.e., geometrical roughness. The variations in
thickness may vary in a random manner with little lateral
coherence, or there may be steps and terraces with con-
siderable correlations. In addition there may be chemical
impurities at the interfaces that may have been intro-
duced, intentionally or unintentionally. In principle both
the position and the type of atoms present at the inter-
faces can influence the spin-dependent scattering of the
conduction electrons.

In this contribution we present an extension of a previ-
ous semiclassical (Boltzmann) approach,'® hereafter re-
ferred to as BA, that looks at how particular changes in
the structure and the chemical composition of the inter-
faces influence the interfacial spin-dependent scattering
mechanism and, more importantly, the MR. Specifically
we consider how the MR is affected by (1) variations in
the size of the geometrical roughness, the mean-square
deviation of the surfaces from being atomically flat, with
no lateral coherence, (2) the presence of correlated (quasi-
periodic) roughness, and (3) the chemical composition of
the interface. With few exceptions, the simple rule that
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emerged in BA does not change. That is, in order to have
a GMR, it is advantageous to have a large asymmetrical
spin-dependent interfacial scattering mechanism, with
one spin component largely scattered diffusely, and the
other mainly scattered coherently by the potentials.
What emerges from this study is an understanding of how
different qualities of the interfaces leads to asymmetrical
spin-dependent scattering. In some cases the interplay of
the different aspects of the interfaces we mention above
may enhance the asymmetrical nature of the interfacial
spin-dependent scattering and hence the MR; in other
cases it may decrease the asymmetry and correspondingly
suppress the MR.

As in BA—an extension of the Fuchs-Sondheimer
theory?""?? and Camley and Barnas’s approach!””!® to
multilayers—we use a Stoner description?® of the
itinerant F layers; there are different potentials for the
majority and minority spins. Band-structure and
electron-density effects are included by means of constant
metal- and spin-dependent potentials, and an isotropic
effective mass for each spin in each layer. As an electron
traverses an F-S interface the potential difference between
the layers causes it to be partially reflected, with a proba-
bility R, and partially transmitted (refracted) into the
other layer, with probability 7. The coefficients R and T
are determined by quantum-mechanical matching of the
wave functions at the interface, and found in general to
depend on the Fermi velocity, the orientation of the spin,
and the angle of incidence. In addition a single spin-
dependent parameter S is introduced at each interface to
characterize the fraction of electrons which are coherent-
ly scattered by the potential. The remainder, (1—3S5), is
assumed to be diffusely scattered back to the equilibrium
distribution. In BA it was assumed that S was indepen-
dent of the angle and direction of incidence. It represents
the averaged effects of any spin-dependent interfacial
scattering mechanisms present at the interfaces not
caused by the potential difference. In other words, it
represented the average effect of the structural and chem-
ical imperfections at the interfaces. In the current contri-
bution we show that it is possible to quantify specific in-
formation about the interfaces by allowing S to depend
more generally on the angle and direction of incidence,
and the spin orientation.

In Sec. II we present a summary of the model. Section
III contains a discussion of the interfacial scattering pa-
rameters S. In Sec. IV results are presented for various
interfaces in (Fe/Cr), and (Fe/Cu), multilayers. Section
V contains the conclusions.

II. THE MODEL

The in-plane conductivity is calculated for a trilayer
with periodic boundary conditions at the outer
surfaces—to be described shortly—so as to represent a
superlattice. Both the current J and the time-
independent electric field E are in the X direction. The 2
axis is taken to be normal to the layers. The trilayer unit
consists of three flat layers (labeled 1, 2, and 3) of infinite
extent in the X and the § directions of thicknesses d, d,,
and d3. The structures investigated have identical F ma-

terials in layers 1 and 3 and an S normal metal in layer 2.

For a given trilayer the conductivity is calculated for
both the parallel (o 11, for large applied magnetic field)
and antiparallel (o 1|, no magnetic field) arrangements of
the F layers 1 and 3. The magnetoresistance (Ap/p), is
defined by

Bp _pti—pltt _olf—oll
p ptl ot ’

where p,,=(0,,)” . Note that this quantity varies be-
tween zero and one (or 0 and 100 %) whenever the resis-
tance decreases upon the application of an external mag-
netic field.

The conductivity for both alignments 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 pro-
cesses, which mix the two currents, are neglected. It is
known that their effect is small at low temperatures.**

The electrons involved in transport are regarded as
free-electron-like with spherical Fermi surfaces. Within
each layer the electrons move in a constant potential V;,,
which depends on the particular layer i and the spin o of
the electron.

The electron distribution function within each layer i
and for each spin ¢ is written in the form

fia'(viz):fi(zf(v)_'_gio’(v,z) ’ (2)

(1)

1

which is independent of x and y by symmetry. In (2), the
first term f2 (v) is the equilibrium distribution in the ab-
sence of an electric field and g;,(v,z) is the deviation from
that equilibrium in the presence of the electric field. For
an electric field of magnitude E in the X direction, the
Boltzmann equation in the relaxation time approximation
reduces to
98, + gio _ lelE afioa

a9z TigV, MU, Ovy,

) (3)

where 7;, is the relaxation time in layer i for spin 0, and e
is the charge of the electron. The second-order term,
proportional to (E-g;.), has been discarded since non-
linear effects (deviations from Ohm’s law) are neglected.
The Lorentz-force term, proportional to (vXH/c), has
also been dropped from the Boltzmann equation, since it
gives an effect which is orders of magnitude smaller than
those considered here. '8

Because of the boundary conditions it is useful to
divide g;,, into two parts: g} (v,z)ifv,>0and g;, (v,2) if
v, <0. The general solution to Eq. (3) takes the form

le|7;,E 3f%v)
+ = ZlMie™ o AV)
g8io(v,z) - av.

X 11+ Fi(v)exp

F—=2_11, )
Tialvz!

where the functional form of F; (v) is determined by re-
quiring the electron distribution function to satisfy the
boundary conditions described below.



370 RANDOLPH Q. HOOD, L. M. FALICOV, AND D. R. PENN 49

At the two outer surfaces of the unit trilayer, the
periodic boundary conditions are

glf,=gfg at z =0,
_ 1 (5)
g3U:g3a atz=d,

where d =d | +d,+d; is the total thickness of the tri-
layer. These boundary conditions?® cause the trilayer to
be equivalent to a superlattice of the form

-+ 12d,\d,12d5ld, |2d, |d, 2d,) - - - .

In (5), and in the boundary conditions at the interfaces in
(6) below, the explicit functional dependence of the distri-
bution functions g,f, has been dropped.

The boundary conditions for the potential
(nondiffusive) scattering at the 1-2 and 2-3 interfaces take
the form

- + - —
810 =S11:0R 126810 TS0 121,820, At z2=d

3 =831,2:0R210820 TS 1220 T1208 L, oatz=d,, ©

€20 =5232,0R 23,815 +83.0.0 13,83, atz=d,+d,,

830 =S12,3,0R 320830 18233.0 03,87, at z=d,+d, .

Here S;;,;,, which vary between zero and one, are factors
that indicate the degree of potential scattering at each of
the interfaces i — j for a spin o electron arriving from lay-
er i and being scattered into the layer /. The scattering
follows the reflection-refraction laws when S =1 and is
completely diffusive when S =0. The notation used for
the transmission T and the reflection R coefficients is the
following: T};, = probability for an electron of spin ¢ in
layer i to be transmitted (refracted) into layer j; R, =
probability for an electron of spin o in layer k with a ve-
locity directed towards layer / to be reflected back into
layer k. The equations and boundary conditions, as writ-
ten, satisfy all the necessary conservation laws.

In Sec. IIT we discuss the functional dependence of the
interfacial parameters S;;.;.,. The functional dependence
of the reflection R,;, and transmission T, coefficients
was determined by matching the free-electron-like
(plane-wave) functions and their derivatives at each inter-
face. The solution to this problem is identical to that en-
countered in optics for an interface between two media
with different indices of refraction. The reflection R and
transmission T coefficients take the form

k(g | L Pus B0 K
ijo ’ )_!l+hI]U(E,9) )
| %)
4 Re[hy,(E,0)]
To(E,0)=———17"—"—1—R. (E,0) .
1+h,,(E,6)|

Here 6 is the angle of incidence, measured with respect to
the z axis, of an electron of energy E =1m, v*+V, in
layer i with spin ¢ and velocity v moving in a constant
potential V,,. The scattering is completely elastic, i.e.,
the energy of the electron is a constant of the motion.
The symbol Re means ‘“‘the real part of’; the function
h;;,(E,0) has the form

V(E =V, )/(E—V,,)— sin’6

h
cosf

(E,0)=

(8)

ijo

The transmission and reflection coefficients appearing in
(6) are related by

R,jU(E,O,-)IRj,O(E,Gj) ,
TUU(E,O,-)=TJ-,»Ud(E,0j) R
where

sinf;

sind, =V(E =V )/(E—V,,);
this is a consequence of the principle of microscopic (op-
tical) reversibility.

Substitution of Eq. (4) into the boundary conditions,
Egs. (5) and (6), yields unique solutions of F;> (v). The
current density along the electric field in each layer i for
electrons with spin o is given by
3

mia )
fvxg,-g(v,z)d3v s 9)

Jao(2)=—le| | =<
vio\Z) el P

where A is Planck’s constant.

In order to obtain the MR one requires the effective
conductivity, which is found by averaging over the whole
film

1 i=3
=— ol2)dz .
) g:zu [ Jio(2)dz

Details of this integration can be found in BA.

The MR, (Ap/p), is found by calculating independent-
ly the conductivities 0 1| and o 1 1. There are several pa-
rameters necessary to characterize completely a struc-
ture. Associated with the electrons in layers 1 and 3 are
the minority (denoted using a small subscript m) and the
majority (denoted using a capital subscript M) spins with
effective masses m,, and m,,, relaxation times 7, and
Ty, and potentials ¥, and V,,. The spin-up and spin-
down electrons in layer 2, which is the normal-metal S
layer, move in a potential Vg with an effective mass mg
and relaxation time 7.

The values of the potentials are determined by treating
all of the valence electrons as being in a single free-
electron-like band with an isotropic effective mass. The
effective mass is, in general, taken to be larger than the
electron mass, since the d-like electrons are in narrower
bands than the free-electron-like s electrons. Within the
ferromagnetic layers 1 and 3, the bands for the minority
and the majority spins are shifted by a k-independent ex-
change potential, yielding two different spin-dependent,
constant potentials, V,, and ¥V,,. The value of the ex-
change splitting is chosen so that the difference in the
density of the majority and the minority electrons yields
the net magnetic moment of the bulk ferromagnetic ma-
terial. The present model neglects band-structure effects.

III. INTERFACE PARAMETERS

In this section we discuss the functional form of S, .

The treatment of interfacial scattering in BA described
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the averaged effects of roughness and the presence of im-
purities by the two parameters S, and S,, for the majori-
ty and the minority spins, respectively. This can be
viewed as a special case that occurs when the function
Sij;1;0 18 independent of the direction and angle of in-
cidence at the interface. Formally

Sks:rM =SEs;s;M =SS, F;FM =S8, Fy5:M =M > (10)

SF,S;F;m :SF,S;S;m :SS,F;F;m :SS,F;S;m :Sm .

When there is little interdiffusion, an interface separat-
ing a spacer and a ferromagnetic layer can be described
by a function z =z;+{(x,y), where z is the coordinate
normal to the layers and z;; is the average coordinate of
the interface, z; ,=d, or z,;=d,+d,. In general the
specific form of the function & for a given interface is un-
known: A statistical description of an interface is ap-
propriate. A common approach?¢~ % is to consider £ as a
random variable with a Gaussian distribution

= 1 _52/27I
W(g) 7]\/5,—7;'6

that is independent of position in the (x,y) plane, so that

=V {&(z,y)?) ,

and that the in-plane correlation function between two
points in the interface is

C[Irl—r2| =(&rE(r,)) /{E(r))?

— —lr,—r,i%/L? ’
where r=x,X+y,§ and L is the correlation length. For a
finite nonzero L, the boundary conditions, Eq. (6), must
be replaced by a set of integral equations, since the diffuse
scattering makes a contribution to the current. In the
limit as L goes to zero the diffuse scattering no longer
contributes to the current, Eq. (6) is valid,*° and the func-
tion S;;,;., takes the form (see Refs. 26 and 27 for a
derivation and discussion):

S0 =S, exp[ —4n*(k,, cosh, )] ;

11
Sijijio=So expl —n’(k;, cos6; —k;, cosf;)?] . 1D

Here k,, is related to the magnitude of the velocity of an
electron in layer i with spin o, given by k,,=m, v, /#.
We have inserted the prefactor S, in Eq. (11) to include,
in an averaged way, the scattering effects from impurities,
interdiffusion, band structure, correlation, etc., caused
neither by potential difference at the interface nor by
geometrical roughness. 3!

The presence of roughness causes spin-dependent
scattering at the interfaces since for electrons at the Fer-
mi energy in the ferromagnetic layers i =F, the k;, have
magnitudes that depend on the spin . From Eq. (11) the
diffuse scattering is considerably larger for electrons imp-
inging upon the interface in directions close to the nor-
mal. Grazing-angle electrons are less effectively scat-
tered, and they tend to be almost completely internally

reflected.

If the surface, on the other hand, has strong lateral
correlations, with typical correlation lengths of the order
of the Fermi wavelength, quantum-mechanical coherence
effects may take place. In particular, the presence of a
“periodic” potential that satisfies Bragg’s condition is re-
sponsible for electron-diffraction phenomena. Roughness
at interfaces with strong in-plane spatial correlations and
with typical lengths of, say, the Fermi wavelength of the
majority-spin electrons, will cause these electrons—
which match Bragg’s diffraction condition—to be
coherently scattered onto the Bragg-peak directions, and
removed from the reflected and transmitted beams more
efficiently. These Bragg-diffracted electrons do not con-
tribute effectively to the conduction processes. A given
“cone” of electrons of a given spin is thus removed, at the
interface, from the current-carrying stream.?? For
strongly peaked in-plane correlation lengths this process
may affect one spin and not the other.

Bragg’s condition follows from the conservation of the
electron total energy and crystal momentum in the plane
of the interface. An electron with k;, in layer i, with spin
o, incident on an interface separating the i/ and j layers is
predominantly diffracted into those directions k;, (where
[ =i or j) that satisfy*?

lkiU,|I2+ki2,,l=Ik,,,”l2+k,201+2—'2n(V10—V,»0) . a2

io|
Here K;; is any (two-dimensional) reciprocal-lattice vec-
tor in the plane of the interface (say the x,y plane) that is
related to the real-space quasiperiodic roughness of the
(ij) interface. A pictorial representation of Bragg’s con-
dition in reciprocal space is shown in Fig. 1. Because of
lack of periodicity in the z direction, there is conservation
of crystal momentum only in the x,y plane, as stated in
(13). The “Bragg spots” (three-dimensional reciprocal-
lattice vectors) are in this case “Bragg rods,” lines paral-
lel to z (perpendicular to the interface) that pass through
each point K;;. In Fig. 1 these rods are drawn along with
two hemispheres centered at the origin of k;,. The radius
of each hemisphere follows from Eq. (12) and depends on
whether the electrons are scattered into layer i (backward
scattering) or layer j (forward scattering). Possible k,,
(i.e., those that satisfy the equations above) are drawn
with the tail at the center of the two hemispheres and the
head at those points where a hemisphere intersects one
rod. Two cases, V;, <V, and V;, > V;, are illustrated in
Fig. 1. In both cases shown a reflected R and a transmit-
ted T beam occur. In addition the angle of incidence was
chosen in each case such that an additional diffracted
beam D just appears. This has the effect of reducing the
intensity of the reflected and the transmitted beams. The
threshold angle of incidence 6,, at which a diffracted
peak appears is given by
Ik;, | sin(0,) +k oy o =Kj

where «;; is the smallest nonzero reciprocal-lattice vector
and k., , is equal to the maximum value of the magni-
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FIG. 1. Ilustration of the Bragg condition in reciprocal
space for a periodically modulated interface with a minimum
nonzero reciprocal-lattice vector k;; viewed from two different
perspectives and for two different cases: on the left side
Vie <V,; and on the right side V, > V;,. The perspectives at
the top of the figure are in the plane of the interface; the “Bragg
rods” are out of the page. Hemispheres of k vectors for the two
films at the interface, corresponding to an incident k,,, labeled
I, with the angle of incident 8 are shown. The solid vectors la-
beled R and T are the reflected and transmitted beams, respec-
tively. The angle 8 was chosen in each case to equal the thresh-
old angle. A single grazing-angle additional diffraction peak
occurs either in back scattering (left) or in forward scattering
(right). The corresponding k vectors are shown (dotted vectors),
and labeled D in the figure.

tudes of the two vectors k;, and k;,. In this equation an
average was taken over the azimuthal component of k;,
assuming a polycrystalline interface as in most common
situations. The removal of electrons from the reflected
and the transmitted beams can be taken into account by
assuming that in the range of angles, 6> 6, the corre-
sponding functions S;;,,., are substantially reduced. This
can be achieved by multiplying S, , by a factor
0=¢;,, =1
A suitable function, used in the calculations is

Cijio=1 ik >k ot Knay o s

Cijiiso=1, if Ky =k, ,+k

max, o
and

K —k

ij max, o

k.

i,o

1

6 < sin~ ; (14)

Cij:l;a:(lwa)’ if Kij Ski'°+k

max, o

and

Here 0 is the angle of incidence at the (ij) interface,
0=a =1 depends on the strength of the interface quasi-
periodic potential, and the factor c is independent of the
emerging layer /. If the roughness in the interface is
characterized by more than one typical wave vector, K,
Eq. (14) can be modified accordingly.

IV. RESULTS

Here results of the MR for (Fe/Cr), and (Fe/Cu),
multilayers with different types of interfaces are present-
ed. In these three metals the isotropic effective mass is
assumed to be independent of the material and the spin
orientation, with a value of my =m, =mgy=4.0Xfree-
electron mass. With this effective mass the potentials,
with respect to the Fermi energy E. chosen to be at
E;=0, are

Vy=—8.23¢eV, V,,=—5.73 eV for Fe ;
Vy=—5.77 eV for Cr ;
Ve=—28.54 eV for Cu .

Shown in Fig. 2 are MR results for (Fe/Cr), superlat-
tices with interfacial scattering given by Egs. (6) and (11).
The MR can vary considerably as a function of 7, the
magnitude of the geometric roughness, depending on the
values of § (i.e.,, Sy, and S,,) in Eq. (11). These results
can be understood by examining the plots of the func-
tions of Eq. (11), with S, =1 and =2 A shown in Figs. 3
and 4. The electrons transmitted across an interface have
the largest asymmetry in the spin-dependent scattering.
As seen in Eq. (11) the transmitted portion that is not
diffusely scattered, is larger when an electron experiences
a small change in potential as it crosses an interface, be-
cause the factor in the exponential,

o _
Q
(@]
©
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(@]
o~
O
(@) T ——
a .,‘(__-'
© T T T T ]
00 20 4.0 6.0 80 10.0
7 (A)

FIG. 2. Variation of (Ap/p) as a function of 7, the magni-
tude of the geometric roughness, for an (Fe/Cr), multilayer
with interfacial scattering described in Eqgs. (6) and (11). The
parameters are dp=20 A, ds=10 ;\, and Ty=T,=Tg
=5X10"" sec, with four different values of S,, and S,: (1)
chain-dashed curve S,;=0 and S, =1; (2) solid curve
Sy=S,=1; (3) dashed curve Sy, =1 and S, =0.5; and (4)
chain-dotted curve Sy, =S,, =0.5.
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FIG. 3. Variation of Sg.;,,, from Eq. (11), asa function of 6,
the angle of incidence, with S, =1 and n=2 A for an (Fe/Cr),
multilayer, with four different values of i and o: (1) dashed
curve i =S and o=m; (2) solid curve i=S and oc=M; (3)
chain-dashed curve i =F and o =m; and (4) dotted curve i =F
and o =M. Note that Sps.5.p is zero for 6 greater than the
critical angle of incidence; the angle at which Tf .5 goes to
zero.

(k;y cos0; —k;, cost; 2,
is smaller. Since in (Fe/Cr),
|VM[<‘Vs|z|Vm' ’

the majority electrons are more likely to be diffusely scat-
tered than the minority electrons.

When S),=S,,=1 and =0 an electron is always
coherently scattered by the potential as it traverses an in-

© !
5O ]
2
nw's ;

00 300 600
8 (deg)

FIG. 4. Variation of S5 r.;,,, from Eq. (11), asa function of 6,
the angle of incidence, with S, =1 and n=2 A for an (Fe/Cr),
multilayer, with four different values of i and o: (1) dashed
curve i =F and o=m; (2) solid curve i =F and oc=M; (3)
chain-dashed curve i =S and o =m; and (4) dotted curve i =S
and 0 =M. Note that the chain-dashed curve and dotted curve
overlap.

terface, regardless of the orientation of its spin, and the
MR is zero. As 7 increases the majority-spin electrons
are more likely to be diffusely scattered than the
minority-spin electrons. As shown in Fig. 2 the MR
reaches its maximum value of 82.0% at =2 A, which is
one-fifth the spacer layer thickness and one-tenth the F
layer thickness.

On the other hand, when there is a large asymmetry in
the values of S, and S,,, increasing 1 from zero lowers
the MR, since the net difference in the spin-dependent
scattering for the minority and the majority spins will de-
crease. This can be understood by noting that when 7 is
zero all S;;.;,, reduce to the angle independent prefac-
tors S, of Eq. (11), as shown in Eq. (10). Multiplication
of the plots in Figs. 3 and 4, that have =2 A and the
prefactors equal to unity, by the constants S;, and S,,
where Sy, <1 and/or S,, <1, with S,, very different from
S,.,» leads to a smaller difference in the spin-dependent
scattering for 7>0. This corresponding lowering of the
MR with increasing 7 can be seen in two of the curves
(Syy=0 and S,,=1, and Sy;=1 and S,,=0.5) of Fig. 2.
The curve with S, =1 and S,, =0.5 falls off more drasti-
cally with increasing 7 because the prefactors S, cause
the minority spins to be more diffusely scattered, while
the exponential or angular dependent part in Eq. (11),
shown in Figs. 3 and 4, causes the majority spins for
(Fe/Cr),, to be more diffusely scattered. These two fac-
tors cause the asymmetry in the spin-dependent scatter-
ing to decrease significantly with increasing 7. By con-
trast the case with S;,=0 and S,, =1 has a more gradual
decrease in the MR with increasing 77, because both the
prefactors S, and the exponentials in Eq. (11) cause the
minority-spin electrons to be selectively diffusely scat-
tered so a considerable asymmetry in the spin-dependent
interfacial scattering persists.

In general, as a function of 7, the MR undergoes the
most dramatic changes from 7=0 to n=2 A. For in-
creasing 7> 2 A the MR falls off gradually. Shown in
Figs. 5 and 6 are contour plots of the MR in the parame-
ter space S, and S,, for (Fe/Cr), and (Fe/Cu), multilay-
ers. In the region where S) =S, the MR increases as
the geometric roughness 7 increases from O to 2 A, since
the roughness leads to asymmetrical spin-dependent
scattering. In the regions where S, is very different from
S,, the MR decreases either slightly or drastically de-
pending on whether the exponentials factors and the con-
stant prefactors Sy, and S,, in Eq. (11) lead to a larger or
smaller asymmetrical scattering. The region in the pa-
rameter space where the MR is the largest for an
(Fe/Cu), multilayer with 5=2 A [Fig. 6(b)] is for
Sy >0.75 and independent of S,,. By contrast, Fig. 5(b)
for (Fe/Cr), shows that the largest values of the MR
occur in the region S,, > 0.65, independent of S,,. This
difference is caused by the different values of the spacer
layer potentials for Cu and Cr relative to V,, and V,, for
Fe. Since in (Fe/Cu),

WVl =Vsl <Vl ,

the exponential factors in Eq. (11) cause the minority
electrons to be diffusely scattered more than the majority
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electrons. This is opposite to the case of (Fe/Cr), men-
tioned above.

For interfaces with correlated (quasiperiodic) rough-
ness, Egs. (6), (11), and (14) describe the interfacial
scattering. An interface is now characterized by five pa-
rameters: Sy, S,,, k, @, and 7. All interfaces in a given
multilayer are taken to have the same characteristics; the
subscript ij can be dropped from «;;. Calculations with
in the range of values satisfying the Bragg condition, i.e.,

K <2k .x.o» Where the values of k. . depend on the

FIG. 5. Contour plots of Ap/p in the parameter space S,
and S, for an (Fe/Cr), multilayer with dz=20 A, ds=10 A,
Ty =Tm=Ts=5.0X10" 13 sec. The electron scattering at the in-
terfaces is described by Egs. (6) and (11). In (a) #=0 and in (b)
n=2A.

composition of the multilayer, reveal that there are re-
gions of the parameter space Sy, S,,, k, and 7 where the
MR for (Fe/Cr), and (Fe/Cu), increases with increasing
a.

(1) For (Fe/Cr), there are two overlapping regions,
called (a) and (b), where the MR increases sharply with
increasing a. Increases in the MR, A=MR(a=1)—MR
(a=0), as large as 61.0% were found.

(2) For (Fe/Cu), there is one region, called (c), where
the MR increases by moderate amounts. The maximum

(b)

FIG. 6. Contour plots of Ap/p in the parameter space S,
and S,, for an (Fe/Cu), multilayer with d;=20 A, ds=10 A,
TM=Tn=7s=5.0X10""3 sec. The scattering at the interfaces
is described by Egs. (6) and (11). In (a) =0 and in (b) =2 A.
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value of A is less than 13.5%. Note that as a function of
a, the changes in the MR are always monotonic, in either
an abrupt or a gradual manner. In each region there is a
set of parameters for which the MR mcreases the most:

In region (a) it is Sy, =S,, =1, k=4.91 A~ o and n= OA
in region (b) Sy, =1, S, =0, andK 5.40 A~ ,andn 0
A; and 1n region (c) Sy, =S, =1, k=5.92 A~ o and

7=2.0 A. In all these cases dr=20 A, ds=10 A, and
TM=Tm =Ts=5X10"! sec. The reasons for the in-
crease in the MR for these values of the parameters re-
veal both why the MR increases in these regions and why
there is such a marked difference in the magnitude of A
between (Fe/Cr), and (Fe/Cu),,.

For Sy, =S, =1, k=4.91 A7 and n=0 A in region
(a) the MR is zero when a=0 and 61.0% when a=1. At
x=4.91 A", which is identically equal to kg, ,,, + K nax m>
the Bragg condition, Eq. (14), is not satisfied by the
minority-spin electrons for any angle of incidence on an
interface from an F layer to a spacer layer. Since in addi-
tion S,, =1, the minority-spin electrons are coherently
scattered by the potential on approaching an interface
from an F layer. The majority-spin electrons reaching an
interface from an F layer with an angle of incidence
greater than

AT AT ke

6= sin =41.4

kF;M

have a probability a of being diffusely scattered. The
asymmetry in the spin- degendent interfacial scattering is
the largest when k=4.91 A~ ', a=1 and so is the MR.

The point in region (b) with Sy =1, §,, =0, k=5.40
A_,andn OAhasaMRof4ll%whena 0 and
90.9% when a=1. The current distribution in the plane
of the layers for a=0 and a=1 is shown in Fig. 7. When
a=0 the current is largest in the F layers for the spin
component in the potential ¥,,. On the other hand,
when a=1 the current of the same spin component in the
F layer is considerably reduced. This reduction, which
leads to the large increase in MR, can be understood by
considering the majority electrons in the F layer incident
on an interface. Since ¥V, <V in (Fe/Cr), there is a
critical angle of incidence .., such that for larger angles
R 5.y and Tp 5.y in Eq. (6) is one and zero, respectively.
The critical angle determmed from Egs. (7) and (8) is
0.4 =56.9°. Atk=5.40 A~ R ! where the MR is found to
increase the most with i mcreasmg a,

540 A" '~k

-1 max, M

0..p = sin X
F;M

Since S3 =1, an electron with Ofs.p >0, is totally
internally reflected with probability (1—a) and diffusely
scattered at the interface with probability a. Therefore,
increasing o decreases the amount of current in the F lay-
ers for the majority spins both when the magnetic mo-
ments of the F layers are in a parallel and in an antiparal-
lel configuration. The electrons with 0 5.5 <6,.,, have
a nonzero probability Ty ., of being transmitted into
the spacer layer. When the magnetic moments of the F

FIG. 7. Diagrams of the potentials and the calculated in-
plane current J,(z) for the {-spin and |-spin electrons in the
parallel (11) and in the antiparallel (1) configurations of an
(Fe/Cr), multilayer in which three of the layers are shown. The
scattering at the interfaces is described by Eqgs. (6 l1 1), and (14)
where Sy =1, S, =0, =0, and «k=5.404 A, with two
different values of a: (1) dashed curve a=0; and (2) chain-
dotted curve a=1. The other parameters are dp=20 A, d s=10
A, and Ty =7, =7s=5.0X10"

layers are parallel these electrons are not diffusely scat-
tered at any interface, but are always diffusely scattered
at alternating interfaces when the F layers are antiparal-
lel, since S,, =0. In short increasing a removes the por-
tion of electrons in the F layers that are totally internally
reflected, i.e., channeled. These electrons make an equal
contribution to the conductivity for the F layers in a
parallel 011 and in an antiparallel 01! configuration.
By removing this equal contribution the remaining un-
equal contributions to the conductivities in Eq. (1), main-
ly arising from S,, =0, become more pronounced, causing
an increase in the MR. R

At the point Sy, =S, =1,«=5.92 A~} and n=2.0 A
in region (c) for (Fe/Cu), the MR increases from 48.2 to
61.5 % as a increases from O to 1. The increase is the re-
sult of the interplay between the scattering due to the
geometric roughness, Eq. (11), and the quasiperiodic
roughness, Eq. (14), which tend to produce the largest
spin-dependent asymmetry for those electrons near nor-
mal incidence and grazing incidence, respectively.

In contrast to (Fe/Cr),, where there are two substan-
tial regions, (a) and (b), in parameter space where A is
large, in (Fe/Cu), there is only a small region (c) where
the MR increases moderately with increasing a. The
reason is that Vg <V,,. To illustrate this point we dis-
cuss two sets of values of the parameters for (Fe/Cu),
that are analogous to those analyzed for (Fe/Cr), in re-
gions (a) and (b). If we consider the MR as a function of
a for different values of x with S,,=S,,=1 and =0,
similar to the point considered in region (a) for (Fe/Cr),,
we find no value of k such that only one spin component
is selectively diffusely scattered at an interface. For in-
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stance if k is chosen so as to maximize the interfacial
diffuse scattering of the majority-spin electrons from the
Fe layer without affecting the minority-spin electrons, the
electrons in the Cu spacer layer impinging on an interface
are still diffusely scattered because k; > k. ), at the Fermi
energy. This lack of asymmetry in the total spin-
dependent scattering at the interfaces prevents the MR
from increasing as a function of . When a=0 the point
in parameter space with Sy, =1, S,, =0, and =0, similar
to the point considered in region (b) for (Fe/Cr),, has a
larger contribution to the current in the Cu layers than in
the Fe layers. The larger current in the Cu layer occurs
only when the magnetic moments of the F layers are
parallel and only for the spin component that experiences
the potential V), in the F layers. The larger current is
caused by channeled electrons in the Cu layers that are
nondiffusively scattered, since S,,=1, and totally inter-
nally reflected for angles of incidence greater than a criti-
cal angle, since Vg < V,,. This channeled current leads to
a larger MR, since it contributes to o1 but not to o 1.
For « in a range of values that destroys this channeled
current the MR will decrease with increasing «, unlike
the increase that occurs in (Fe/Cr),,, since the channeling
that is destroyed there occurs in the F layers when the
magnetic moments are both parallel and antiparallel.

V. CONCLUSIONS

In studying the influence of interface scattering on the
negative magnetoresistance of ferromagnetic—normal-

metal multilayers, three aspects have been considered: (1)
random geometric roughness described by 7, the mean-
square deviation of the interfaces from being atomically
flat, (2) correlated (quasiperiodic) roughness, character-
ized by the dominant k vector of the coherence k, and the
scattering strength «a, and (3) averaged effects due to im-
purities, interdiffusion, band structure, etc. The last
effect has been included in a simple way using the param-
eters Sy, and S,,. Geometric uncorrelated roughness
scatters electrons at normal incidence more efficiently,
while the correlated (quasiperiodic) roughness has its
greatest effect on electrons at grazing angles. These
different properties of the interfaces can combine to pro-
duce either a large or a small asymmetry in the spin-
dependent interfacial scattering. A giant MR results
whenever the spin asymmetry is large. Further experi-
mental and theoretical investigations are needed to ascer-
tain which properties of the interfaces are realized during
fabrication of multilayers by means of various techniques.
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