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THEORY OF THE NEGATIVE MAGNETORESISTANCE IN
MAGNETIC METALLIC MULTILAYERS

RANDOLPH Q. HOOD AND L. M. FALICOV
Department of Physics, University of California at Berkeley, and
Materials Sciences Division, Lawrence Berkeley Laboratory, University of California,

Berkeley, California, 94720, USA
ABSTRACT _

The Boltzmann equation is solved for a system consisting of alternating ferromagnetic -
normal metallic layers. The in-plane conductance of the film is calculated for two configurations:
successive ferromagnetic layers aligned (i) parallel and (ii) antiparallel to each other. The results
explain the giant negative magnetoresistance encountered in these systems when an initial
antiparallel arrangement is changed into a parallel configuration by application of an external
magnetic field. The calculation depends on (A) geometric parameters (the thicknesses of the
layers); (B) intrinsic metal parameters (number of conduction electrons, magnetization and
effective masses in the layers); (C) bulk sample properties (conductivity relaxation times); and
(D) interface scattering properties (diffuse scautering versus potential scattering at the interfaces).
It is found that a large negative magnetoresistance requires, in general, considerable asymmetry

" in the interface scattering for the two' spin orientations. All qualitative features of the experi-

ments are reproduced. Quantitative agreement can be -achieved with sensible values of the

- parameters. The effect can be conceptually explained based on considerations of phase-space

availability for an electron of a given spin orientation as it travels through the multilayer sample
in the various configurations and traverses the interfaces. ‘

Ve

1. INTRODUCTION ( h |

 Ferromagnetic-normal metallic superlattices and sandwiches [1,2] display a number of
interesting properties, such as a varying interlayer magnetic coupling (3] and a negative, some-
times very large magnetoresistance (MR) effect [4-15). Examples are (NiFe/Cu/NiFe),

(NiFe/Ag/NiFe), (Fe/Cr),, (Co/Cu),, (Fe/Cu),, and (Co/Ru),, to name just a few. It has been

found that the magnetic moment of each ferromagnetic layer is arranged with respect to that of
the neighboring ferromagnetic layers either in a parallel fashion, or in an antiparallel one,
depending on the thickness of the metal spacers and on the quality of the interfaces.

When the conditions are such that the consecutive moments are arranged antiparallel to

each other, the application of an external magnetic field to the sample results in two effects: (1)
the moments rearrange themselves into a completely parallel arrangement in fields of the order
of 1 T; and (2) the sample decreases its resistance -- negative MR -- in all directions (in-plane in
particular) by varying amounts which can be as small as a few percent, and as large as 55% (for
Co/Cu at liquid Helium temperatures) [13]. A decrease by more than 20% is generally known as
the giant magnetoresistance effect (GMR). A :

Even though the current knowledgc of the MR effect is incomplete, one fact that has
emerged is that spm-dependent interfacial scattering plays an important role. Experiments by
Fullerton et al. [16] indicate that increased interfacial roughness enhances the GMR. Baumgart
et al. [17] have found that ultrathin layers of elements (V, Mn, Ge, Ir, or Al) deposited at the
Fe/Cr interface lead to changes in the MR which correlate with the ratio of spin-up and spin-
down resistivities arising from spin-dependent impurity scattering of these elements when alloyed
with Fe. This result is in agreement with the suggestion of Baibich er al. [4] that the spin-
dependence of impurity scattering at the interfaces is related to that observed [18] in alloyed fer-
romagnetic metals such as Fe, Co, and Ni.

" Further confirmation of the importance of the interface in Lhc MR effect was provided by
Barthélemy et al (19] who point out that the experimental data they: obtained for epitaxially
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grown Fe(OOi)/Cr(OOl) multilayers seem to be in agreement with a variation of the MR of the
form S L

where 1., is the thickness of Cr layer and A* is a length of the order of the mean free path.
Such a variation of the MR with layer thickness is expected from spin-dependent interface
scattering. v _ _ . ' '

It should be emphasized that it is important to distinguish between the concepts of spin-flip
scattering and spin-dependent scattering. The first refers to an event in which, during scattering,

an electron reverses its spin orientation; such a phenomenon is normally caused by spin-orbit
effects and/or by scattering from impurities with a localized magnetic moment. Spin-flip scatter-

ing is neglected in this contribution. The second one refers to the fact that electrons with

different spin orientations experience different potentials and have different phase-space distribu-
tions. Consequently they have very different scattering cross sections both in the bulk and at the
interfaces. The latter is extremely relevant for the purposes of this study.

It is the aim of this contribution to present a model that incorporates spin-dependent inter-

facial scattering in a more realistic way. While the model presented here is similar in many

' respects to that of Camley and Barna§ [20,21] it does not suffer from the shortcomings in the
description of interfacial scattering encountered there. Utilization of a more accurate description
of the interface permits a study and separation of the various scattering mechanisms and their

relevance in the MR effect.

The present model, an extension of the Fuchs-Sondheimer theory [22,23], uses a Stoner

description [24] of the itinerant ferromagnetic layers: it introduces different potentials for major-
ity and minority spins. Band-structure and electron-density effects are included only by means of
- a constant, metal- and spin-dependent potential, and an isotropic effective mass for each spin in
each layer. The different potentials in neighboring layers results in coherent potential scattering
‘(i.e., refraction) of electrons as they traverse the interface. It has been suggested [17] that this
effect alone could account for the observed spin-dependent transport properties and the oscilla-
tory effects with layer thickness [3]. Spin-dependent potentials are also responsible for different
densities of states at the Fermi level, i.e., different available phase space for the two different
spin orientations. The angular-dependent effects are treated by a quantum-mechanical matching
of the electron wave functions at the interfaces. Impurity scattering at the interface and interfa-
cial roughness are also a source of spin-dependent scattering, and they contribute to the present
model through a spin-dependent function, in a way similar to that used by Camley and Bamas.

- The model predicts the dependence of the MR on the thickness of the layers, on the qual-
~ ity of the samples (mean free path) and on the quality (roughness) of the interfaces.

2. THE MODEL

The in-plane conductivity has been calculated for a multilayer structure consisting of alter-
‘nating layers of a ferromagnet (F) of thickness dr, and a spacer layer of thickness d,. The coor-
. dinate system is chosen with the z axis perpendicular to the layers, and with complete isotropy

in the (x,y) plane.

For a given structure the conductivity was calculated for both antiparallel alignment,

" denoted o1y, and for parallel alignment, denoted o1r, of the moments of successive F layers. In
the antiparallel arrangement the structure repeats itself after four layers (../ Ft/s/F1/s/.);
in the parallel arrangement the period consists of two layers (.../ F t+ / s /...). Application of a
sufficiently large magnetic field to a sample in the antiparallel arrangement causes the magnetic
moments to align parallel to one another. The magnetoresistance (Ap / p), is defined by

. 4Ap - pry — prr - Ot —~ ON (1)

- 1

o prL . o1t _ _
where pyv =(0.y Y. Note that this quantity varies between zero and one (or O and 100%)
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whenever the resistance decreases upon the application of an external magnetic field.

The conductivity for both alignments. is obtained by adding the ‘contribuvtions of the spin-up
and the spin-down electrons, calculated separately. This is the two-current model [18), which

provides a good description of electron transport in magnetic 3d metals. As mentioned above

spin-flip processes, 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 potenual Vs which depends on the
pamcular layer i and the spin ¢ of the electron. . _

, The electron distribution function within each Iayer i and for each spin ¢ is written in the
form ’ .

- fiova) = fSM) + giolv) | @
which is independent of x and y by symmetry. In (2), the first term £, (v) is the equilibrium
distribution in the absence of an electric field and g;4(v,z) is the deviation from that equilibrium

in the presence of the electric field. For an electric field of magnitude E in the £ direction, the
~.Boltzmann equation in the relaxation time approximation reduces to

98io 8ic le|E Ofi% - _
aZ * Tig Vz -— mig Vv, an ! (3)

where 1;, is the relaxation time in layer i for spin ¢, and e is the charge of the electron. The
second-order term, proportional to the product (E . g;4), has been discarded since non-linear

effects (deviations from Ohm’s law) are neglected. The Lorentz-force term, proportional to -

- (v x H/c), has also been dropped from the Boltzmann equation since it gives an effect which is
-orders of magnitude smaller than those considered here {20].

Metal i | Metal _|

Figure 1. Schematic diagram of the scattering process at the metal-metal inter-
face. The parameter S, defines the fraction controlled by the potentials; S4 R is
the probability of specular scattering; S, 7T is the probability of transmission
(refraction) into the other metal.

Because of the boundary conditions it is useful to’ divide g;, into two parts:' gie(v.2) if

v; >0 and g5(v,2) if v, <0. The boundary conditions for the potential (non-diffusive)
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scattering at the (i ,j) inferface then take the form
8o = SiioRijc8ic + SiieTieds 4)
g].; = S/t HE Gij og/-a + ij HE O'le O’glg .

Here §;;.;.q» Which varies between zero and ong, is a factor that indicates the degree of potcnual
scattering at the interface (i,j) for an electron of spin ¢ arriving at the interface from the layér i
and being scattered into the layer k. The scattering follows the reflection-refraction laws when
all § =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 ¢
.in layer i with a velocity directed towards layer j to be reflected back into-layer ;. The equa-
tions and boundary conditions, as written, satisfy all necessary conservation laws. :

The functional dcpendence of the coefficients was determined [25] ‘by matching the free
electron-like (plane-wave) functions and their derivatives at each interface. The solution to this
problem, which is identical to that encountered in optics for an interface between two media
with different index of refraction, is shown schematically in figure 1.

The current densxty along the electric field in each layer i for electrons with spin o is

given by
. 3 . )
Juo(z) = -Iel[ ] [ve giolv.2) d¥v NG

where h is Planck’s constant. The conductivity of the multilayer is obtained by averagmg over

the whole film

| 1
s = Jyg (2) dz
E dfilm 1 o=T.1 J . ° ( )

The MR, (Ap/ p), is found by calculating independently the conductivitieé ot. and o,
The number of parameters necessary to characterize a structure is large. Associated with the

electrons in- the F layers are the minority (denoted using a small subscript m) and the majority
(denoted using a capital subscript M) spins with effective masses m, and my,, relaxation times
T, and Ty, and potentials V,, and Vj,. The spin-up and spin-down electrons in the spacer layer
s move in a potential V, with an effective mass m; and relaxation time .. At the interfaces, the
functions ;... Which vary with angle of incidence, describe the interfacial scattenng of the

majority and the minority spins.

The values of the potenuals are determined by treating all of the valence s and d 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 electrons, which contribute
to the density of electrons, are in narrower bands than the free-electron-like s electrons. Within
the F layers the bands for the minority and the majority spins are shifted by a k -independent
exchange potential, yielding two different spin-dependent, constant potentials, V,, and V,,. The
value of the exchange 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 material.

3. RESULTS
The theory, as developed thus far, mcludes eleven parameters and eight angular functions:

three effective masses my,, m,,, and m;;

three constant potentials Vy, V.., and V,;

three relaxation times 1,, T, and T

two thicknesses dr, and 4, ;

.and eight interface scattering functions

SF;.F.M- SF s:iFim s SF.:.:.M' SFsisims Ss FisM» S:J’.:m' Ssrirmsand Sgppim.
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The results presented here include only the cases for which the relaxation times are identi-
cal T =1, =Ty =1T,. (The mean free paths of the minority and the majority spins within the F

layers and for the spacer metal are still different, however, since the Fermi velocities are

different.) The interfaces are treated in two different ways. In the first approach the angular
dependence of the functions §;; .., is neglected and the eight functions are replaced by two con-

stants
SF..\"J';:M =SF.:::',M = Op Fue M =S:.F;F',M =SM ’
SFsFm = SFawm =Ssriom =SeFiFm =Sm
Now the system is defined by eleven constants. ' .
In the second approach the different angular dependences in various S;j..q are explicitly

included. ‘
Results are given for two different multilayer systems, (Fe/Cr), and (Fe/Cu),. In these
three metals the isotropic effective mass is assumed to be independent of the material and spin
orientation with a value my =m, = m, = 4.0 x frec-electron mass. With this effective mass

the potentials, with respect to the Fermi energy Er chosen to be at Ep = 0, are

- Vy =-823eV,V, =~ 573 ¢V for Fe;

V, =~ 5.77 eV for Cr;
V, == 8.54 eV for Cu. :

" The parameters that remain to be specified for each case -- (Fe/Cr), and (Fe/Cu), -- in the
constant-S approximation are altogether five: (A) two geometric parameters dr and d,; (B) one
relaxation time 1, which depends on bulk sample properties; and (C) two interface scattering
parameters Sy, S (diffuse scattering versus potential scattering at the interfaces for the majority

and the minority spins respectively).

- 0.0 0.5 1.0 0.0
Sm
(a)

o

!

Figure 2. The region. in the two-dimensional parameter spacev (Sy.Sm ) where
(Ap/p)>02 for dr =20&, 4, =108 , and T =5.0x 107%s. (a) Potential
parameters corresponding to (Fe/Cr),. (b) Potential parameters corresponding to
(Fe/Cu),. .
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Figure 3. Variation of (Ap/p) as a function of S, for the parameters of
(Fe/CO),, T=50x 10775, dr = d, = 10X and three values of Sy: (1) dashed
curve Sy = 1; (2) chain dotted curve Sy = 0.5; and (3) solid curve Sy = 0.

LY
LRy
Ceen
. ey
......
ey
----
cany

T T —
0.0 50.0 100.0 150.0 2000 2500 _

Figure 4. Variation of (Ap/p) as a function of dr for the parameters of
(Fe/Cr),, d; = 10A , T=50%10"35 and three different values of Sy and S,:
(1) chain dotted curve Sy, = S,, = 0.8; (2) dashed curve SM =0,S5, =1 and (3)
solid curve Sy, = 1, S, 0
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Even with these simplifications, the phenomena under consideration are corriplicated func-

tions of the 5 variables, and the task of describing these dependencies is not simple. In general

terms, and with exceptions, it is found that (Ap / p) is a strong function of the interface parame-
ters S, and S,,, and a relatively weak function of the thicknesses and the mean free path. For
example, as Sy and S, independenty vary between O and 1, the calculated (Ap / p) varies
between 0 and 92.7% for (Fe/Cr), and O and 94.4% for (Fe/Cu),, when values of dr = 20.0

d, = 10.0 R and 1=50x10"s are chosen. Figure 2 shows the regions in the lwo-

dimensional ( Sy - S,) parameter space where (Ap / p) is greater than 20% for these values of

dr. d,, and 7. With this choice of 7, the mean free paths are: (i) 4,250 R for the majority-spin
and 3,540 & for the minority-spin electrons in Fe; (ii) 3,560 A for electrons in Cr; and (iii)
4,330 & for electrons in Cu. These values correspond to all mean free paths which are orders of
magnitude larger than the film thicknesses, i.e., the clean film limit, where mterface effects are
supposed to be paramount.

Some of the interesting results of the calculations are illustrated in figures 2-6. It was

found in general that:
(A) (Ap / p) is in general small (only a few percent)‘ when Sy = S,,, except (26]
when both parameters are very close to 1 (see figures 2 and 3).
(B) (Ap / p), as a function of df, exhibits a variety of behaviors which include (i) a mono-
tonic decrease with increasing dr; and (ii) an initial increase followed by a decrease (a single

maximum); in all cases the asymptotic value as dr — oo is zero (see figure 4).
(C) (Ap/ p), as a function of increasing d,, exhibits either (i) a continuous monotomc
decrease, or, most commonly, (ii) 2 single maximum at a value of d;, of the order of dr; the

asymptotic value as d, — o= is also zero (see figure 5).
(D) (Ap / p), as a function of the relaxation time 7, either (i) increases monotomcally and

saturates at a maximum value, or, most commonly, (ii) increases to a maximum, and then very
gradually decreases (see figure 6). '

Poe.
.

\\. .
7 = T T T .
50 500 000 1500 2000 2500
d, (A)

00 -

Figure 5. Variation of (Ap / p) as a function of d;, for the parameters of (Fe/Cr),,
dr = 208 , T=5.0x 1035 and different values of Sy and S,: (1) solid curve
S =1, S, =0; (2) dashed curve SM =0, S, =1, and (3) chain-dotted curve
Su =8, =009. _
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Figure 2 contains information on how, for specific values of dr d,, and 1, the quality of
the interfaces influences the MR. It is evident from the figure that the region of large MR is
close either to the line Sy = 1, or to the line §,, = 1, and away from the line S); = S,,. There is
a very large asymmetry between Sy, and S, in (Fe/Cr),, but considerably less so in (Fe/Cu),.

A more realistic approach to the diffuse-versus-potential scattering at the interface requires
a full angular dependence of the eight functions Sijk:o- In general [27-30] the diffuse scattering
is considerably larger for electrons impinging upon the interface in directions close to the nor-
mal. Grazing-angle electrons are less effectively scattered, and they tend to be almost com-
pletely internally refiected. A common (first-order) approximation to these functions [27-30] is

Sy = Sa oxp [417(kiq c0s0,)2] ©
" Sijijio = So €Xp [n'z(k‘." c0s®; ~kjq o5, )] ' ®

. Here 1y is a parameter which depends on the roughness of the interface as well as the strength
and physical distribution of the scattering centers at the interface, ;4 is the magnitude of the k-
vector at the Fermi sphere of the spin-o electrons in layer i, and ©; is the angle between the
electron velocity and the normal to the interface; S is the overall diffuse scattering strength at
grazing angle © = 7/2. It should be noted that the limit | = 0 reduces the appmxxmauon to the
one previously discussed. ,

Figure 7 shows the influence of this angular dependence on the MR. As 7 increases, the
MR in general decreases, except for the case in which Sy, and S, are very close in value; in the
latter, the difference in k-vector between the two spins, and the non-vanishing n produce an
‘asymmetry in the diffuse interface scattering between the spins, and thus increases the MR.

08 10
]

06
|

Aplp

Figure 6, Variation of (Ap / p) as a function of 1 for the parameters of (Fe/Cr),,
d, = 104, dr =20& , and three different values of Sy and S,,: (1) chain dotted
curve Sy =0 and §,, = 0.7; (2) dashed curve Sy = 0.5 and S,, = 1; and (3) solid
curve Sy = land S, =0. .

POOY ‘D ydopuey

¢l

@2



00
O ——

: ' )
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Figure 7. Variation of (Ap / p) as a function of n for the parameters of (Fe/Cr),,
d, =102, dr =20 and two different values of §g in equauons (6) and (7): (1)
solid curve Sy = S, = 1; and (2) dashed curve Sy = O Sm

4. DISCUSSION AND CONCLUSIONS

Figure 2(a) shows a marked asymmetry in the dependence of (Ap / p) for (Fe/Cr),, on Sy
and S,,, i.e., the majority- and mmonty spin interface scattering have a very deferem effect on

the MR. For this system

IVMI <1V, 1 =1V, I
By contrast, a lérge asymmetry is not present in (Fe/Cu),, figure 2(b). Here
WVl =1Vl <1V, 1 .

The difference in V; has a large effect on the MR, as can be seen in plots of the in-plane current
distribution across the layers [25]. In many cases when (Ap / p) is very large, the current distri-
bution responsible for the large value of o1+ is such that it is highly concentrated in one type of
layer, either in the ferromagnet or in the spacer. This effect, which can be called channeling,
appears frequently when there is a GMR. When the channeling is in the spacer layer it occurs
only when there is parallel alignment. Channeling in the FM layers, on the other hand, occurs
(in one type of F layer for each electron spin orientation) for both the parallel and the antiparal-
lel configurations. From these considerations it is obvious that channeling in the spacer layer
should be more intimately connected with a GMR. It should be emphasized that channeling is
present when the potentials are different; GMR requires, in addition, asymmet’ric values of Sg.
Channeling and GMR are strongly correlated [31]. \

The experimentally observed values of MR in (Fe/Cr),, and (Fe/Cu),. mululayers can be
matched by the calculation with a proper.choice of the parameters. However, the model in its
present form, which considers all of the valence s and d electrons as comprising a single band

~with a single isotropic effective mass, yields effective resistivities prt and pry which are about

an order of magnitude smaller than those measured in multilayer structures. The effective resis-

tivities are too small because the model has too many free-electron-like conduction electrons:

eight in Fe, six in Cr, and eleven in Cu. Proper consideration must be taken of the fact that, in
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these metals, s and d electrons contribute very differently to the transport properties. The nar-
"row character of the d-bands has been accounted for in the single-band approach by a single,
large, isotropic effective mass, four times larger than the free-electron mass. A better approach to
the problem would be to include a realistic band structure with its 12 bands, wide and narrow, as

well as the hybridization and spin polanzanon Such a weatment would make the calculations

much more involved.
Within the confines of a single-band model a simple, natural way to decrease the number
- of conduction electrons is by reducing the density of the electrons in each layer by a constant
scaling factor, v, independent of the material and the spin of the electron. It should be stressed
that the introduction of such a scaling factor does not change the form of the results found
above. The number of electrons and the magnetization decreases by a factor of y. The resistivli-

ties prt and pry increase by a factor of about v, and (Ap / p) decreases by a factor of about y°.
A value of ¥ = 8 was chosen for making comparisons with experimental data. With this value the
number of effective free-electron-like conduction electrons are: 1.00 in Fe, 0.75 in Cr, and 1.38
in Cu. Calculations were able to yield values of the MR and the resistivities, prt and P, similar
1o those measured experimentally.

Baibich et al. [4] found that a multilayer of (Fe 30 ,X/ Cr9 K)sc , prepared by molecular
beam epitaxy, had (Ap / p) = 0.46 and a absolute resistivity change of about 23 uQ cm. With
Sy =023, S, =098, dr = 30R , d, = 9% and t=1x 105 values of prt=30.6 uQ cm

and pr = 56.6 nQ cm were calculated, which corresponds to (Ap /p) =046 for the MR.

Experimental values of p are between 20 and 80 LQ cm. With this choice of v, T, and effective

mass (i.e., an effective mass of four times the electron mass), the bulk mean free paths are: 425

& for the majority-spin and 354 X for the minority-spin electrons in Fe; and 356 A for the elec-

trons in Cr.

Péuoff et al. [14] report that a multilayer (Fe 15 R/Cu 15 X)w made by sputtering, had
the following characteristics: ptr-= 24.8 uQ cm, pry = 27.8 uQ cm, and (Ap / p) = 0.108. With
S, =071, Sy =092, dr =d, =158 and t=1x 10735 values of prr=252nQ cm and

pty =283 uQ cm were calculated, which correspond to (Ap / p) = 0.11. Here the bulk mean

free paths are: 425 & for the majority-spin and 354 A for the minority-spin electrons in Fe; and
433 A for the electrons in Cu. ‘

As clearly seen above, a large MR requires, in general, a large difference in interface
scattering for the different spins. When Sy, = S,, the MR is found to be not more than a few
percent. Therefore a large MR cannot be explained as being caused solely by different densities
of electrons with different spins, which vary from layer to layer. What is required is a spin
imbalance and a spin-dependent scattering mechanism at the interface, i.e., Sy # S,. When
such a spin-dependent scattering mechanism exists, for example when magnetic impurities are
present at the interfaces, the MR is profoundly influenced by spatial variations in the density of
electron spins. This is the main cause of the GMR effect in ferromagnetic multilayers.
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[31] It should be noted that the channeling effect, per se, does not necessarily lead to a GMR,.

as can be seen from the case shown in figure 3 [ (Ap/p)=0 for Sy =S, =1; the

current distribution is nevertheless concentrated in the ferromagnetic layers]. The GMR -

appears when, in the parallel arrangement, there is channeling for only one spin and
diffuse interface scattering for the other one. In that case, in the antiparallel arrangement,

both spins partake in the diffuse scattering, and the long electron trajectories (and the

channeling) are lost.

pooy D ydiopuey

21

Al



LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
TECHNICAL INFORMATION DEPARTMENT
BERKELEY, CALIFORNIA 94720

i

ABH379





