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Abstract

The spin-polarized electron conductance perpendicular to layers of a random magnetic multilayer is evaluated from
first principles. We employ the Landauer formulation in the framework of the tight-binding linear muffin-tin orbital
approach and the surface Green-function technique. The disorder in the bulk and at interfaces is included in terms of

lateral supercells confined to individual atomic layers. The application is made to interleave and separate multilayers
with a different order of magnetic and non-magnetic layers with generally non-collinear alignments of layer
magnetizations. r 2002 Elsevier Science B.V. All rights reserved.
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Transport in layered materials is subject of intensive
theoretical investigations, in particular in view of the
discovery of the giant magnetoresistance (GMR) in

metallic multilayers. From the theoretical point of view
the current perpendicular to plane geometry (CPP)
differs from the more common current in plane (CIP)
geometry [1,2] in several aspects: the high symmetry of

the CPP geometry makes its theory easier which is
particularly convenient for an ab initio study in this
paper, it is better suited for testing of theoretical models,

and it gives larger value of the GMR as compared to the
CIP geometry.

In this contribution, as motivated by a recent paper

[3], we wish to present the ab initio study of the effect of
order of magnetic and non-magnetic layers on the CPP–

GMR of interleaved and separated multilayers. In
particular, the emphasis is put on the effect of non-
collinear alignments of layer magnetizations omitted in a

previous study [3]. In addition, we consider two possible
type of disorder in a system, namely an alloying in the
spacer and the interdiffusion at interfaces between
magnetic and non-magnetic layers. Recently two related

ab initio studies of the CPP–GMR analyzing the effect
of disorder in the system either in magnetic and/or non-
magnetic layers and at interfaces between them have

appeared [4,5]. The electronic structure of a multilayer is
described in the framework of the tight-binding linear
muffin-tin orbital (TB-LMTO) approach while realistic

boundary conditions at the sample-lead interfaces (semi-
infinite leads) were included via the surface Green-
function technique. The substitutional disorder in the

sample is included in terms of lateral n� n-supercells
confined to individual atomic layers while the sample
leads are assumed to be ideal. We assume that
orientations of moments in magnetic layers may be

in general non-collinear. In the spirit of Landauer
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formulation the conductance is determined by the
corresponding transmission coefficient.

The resulting expression for the conductance C is
given by (see Ref. [4] for details)

CðyÞ ¼
e2

h

1

Njj

X

kjj

Tr fBLðkjj;EFÞ g1;Nðkjj; y;E
þ
F Þ

BRðkjj;EFÞ gN;1ðkjj; y;E
�
F Þg : ð1Þ

Here Njj is the number of kjj-points in the surface
Brillouin zone (SBZ), EF is the Fermi energy, E7

F ¼
EF7id; Tr denotes the trace over the angular momen-

tum index L ¼ ðcmÞ and over the spin index, and y is the
angle between magnetizations in magnetic layers. It
should be noted that due to non-collinear alignments of

magnetizations the spin index is no longer a good
quantum number. All quantities are therefore treated as
2 � 2-supermatrices in the spin subspace. Properties of

semi-infinite leads are fully described by the quantities
BL and BR which can be expressed in terms of lead
surface Green functions (see Ref. [4] for more details),
while g1;N and gN;1 are layer off-diagonal blocks of the

TB-LMTO Green function of the whole system eval-
uated between the terminal sample layers p ¼ 1 and p ¼
N: Finally, we will define the magnetoresistance ratio as

MR ¼ RðyÞ=Rð0Þ � 1 ¼ Cð0Þ=CðyÞ � 1; where RðyÞ ¼
1=CðyÞ; and CðyÞ is given by Eq. (1).

The potentials of individual atoms of a binary

substitutional alloy A100�xBx as simulated by n� n-
supercells are approximated by the potentials of A and B
atoms calculated within the coherent potential approx-

imation (CPA), i.e., we neglect very small fluctuations
due to a varying local environment of atoms A and B
within a supercell. In addition, we used the same
potentials for the reference ferromagnetic system and

for the system with non-collinear alignment of magnetic
moments which is justified by the magnetic force
theorem [7,8]. For more details see Refs. [4,6].

We have performed calculations for two types of
FCC(0 0 1)-multilayers sandwiched by ideal Cu(0 0 1)
leads which differ from each other only in the ordering

of magnetic and non-magnetic layers, namely the the
interleaved (IL) and separated (SP) multilayers. The IL
geometry is described by the structure formula

½Mðm1Þ=SðsÞ=Mðm2Þ=SðsÞ�4 while the SP geometry can
be described as ½Mðm1Þ=SðsÞ�4 ½Mðm2Þ=SðsÞ�4; where
m1 ¼ 10 Co monolayers (MLs) and m2 ¼ 5 Co ML for
both IL and SL samples. We have considered two

models of randomness: (i) Co/Cu multilayers with
Cu50Co50 interface interdiffusion at adjoining two inter-
face layers, and (ii) Co=Cu84Ni16 multilayers with

random spacer slabs and flat interfaces. The spacer
thickness is 5 Cu ML in the former case and 5/15 CuNi
ML in the latter case so that the total sample thicknesses

are 95 and 165 ML, respectively. Sample interfaces with
leads are assumed to be ideal and we neglect possible

lattice and layer relaxations (parent FCC(0 0 1) Cu
layers). The sample randomness is modeled by 5 � 5-

supercells simulating a substitutional alloy Cu84Ni16 (21
Cu atoms and 4 Ni atoms) in each supercell, or a
substitutional alloy Cu50Co50 (25 Cu and 25 Co atoms in

two adjoining interface layers). Configurational average
extends over 5 configurations in each case and current
fluctuations for present systems were found to be only 1–
2% (see also Ref. [4]).

Magnetic moments in narrower magnetic layers (5 Co
MLs) are rotated with respect to thicker layers by an
angle y ¼ 01; 451; 901; 1351; and 1801 (only y ¼
01; 901; 1801 for a larger sample). Reference parallel
(P) and antiparallel (AP) alignments correspond to y ¼
0 and y ¼ 180; respectively. The kjj-integration extends

over 1600 points in the full FCC(0 0 1)-SBZ (64 points in
the SBZ of the 5 � 5-supercell) and jIm E7

F j ¼ 10�7 Ry.
It should be noted that a similar system was studied in

the framework of the empirical multiband tight-binding
model employing the Anderson level disorder in both Co
and Cu layers of the same thicknesses (10 ML) for two-
repetitions (sample thickness of 70 ML [3]). The para-

meters of level disorder were fitted to reproduce
approximately bulk resistances of pure Cu and Co
samples. The most important difference of our study as

compared to Ref. [3] is the non-collinear alignment of
magnetic moments which simulates the influence of
external magnetic field on magnetic layers with different

coercitivities.
We have first evaluated the conductance of an

FCC(0 0 1) trilayer 5 Cojn Cu84Ni16j5 Co ðn ¼
12600 MLÞ sandwiched by ideal semi-infinite Cu leads.

The bulk resistivity of the alloy spacer was estimated
from the slope of the linear dependence of the resistance
as a function of the spacer thickness while the interface

resistance was estimated from the offsets of the parallel
(P) and antiparallel (AP) resistances. We have found the
resistivity of FCC-Cu84Ni16 alloy 11:8 mO cm as com-

pared to the experimental value [9] of 15:3 mO cm:
Recent theoretical calculations based on the KKR-
CPA method including vertex corrections give of

13:32 mO cm [10] for FCC-Cu80Ni20: It should be noted
that present supercell calculations include effect of
vertex corrections properly. The interface resistivity is
characterized by dimensionless quantity g ¼
ðARk � ARmÞ=ðARk þ ARmÞ and by ARn ¼
ðARk þ ARmÞ=4; where Rs ðs ¼ m;k) denotes interface
resistance and A is the area of interface. Typical

experimental results for Cu/Co multilayers [2] are g ¼
0.71–0.77 and ARn ¼ 0:3820:51 fO m2: Present results
g ¼ 0:76 and ARn ¼ 0:56 fO m2 compare well with the

experiment. Theoretical results [5] for parallel and
antiparallel interface resistances for ballistic Co/Cu
system [11] are 0.35 and 1:90 fO m2; respectively, 0.33

and 1:79 fO m2 for Co/Cu/Co system with interface
disorder [5] to be compared to 0:27=2:00 fO m2 in the
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present Co=Cu84Ni16=Co system. The interface resis-
tance thus seems to be determined primarily by

differences in the electronic structure of magnetic and
spacer layers at sample interfaces while the influence of
various kinds of disorder is less important. The present

approach thus gives a reasonable agreement with
existing experimental and theoretical data for both the
bulk and interface resistivites.

The results for IL and SP multilayers are presented in

Fig. 1 and the following conclusions can be drawn: (i)
The differences between IL and SP geometries are quite
small for collinear alignments (P and AP), for P in

particular; (ii) The rotated samples show a pronounced
dependence on the layer order in a qualitative agreement
with the experiment [3]. There is, however, no simple

relation between the angle y and the value of the applied
external field in the experiment [3]. The results also
indicate that above differences become smaller with
increasing thicknesses of disordered spacer slabs (see

Fig. 1b). On the contrary, the differences between the IL
and SP samples increase with number of repetitions, as it
can be concluded by comparing results for 2 and 4

repetitions, again in an agreement with [3]; (iii) The
conductance of the SP sample is larger as compared to
the IL sample in a qualitative agreement with experi-

ment [3]: electrons passing through the IL sample suffer

additional spin scatterings at interfaces with thicker and
narrower magnetic slabs with rotated magnetizations as

compared to the SP sample with magnetizations rotated
only at the interface which separates thicker and
narrower slabs; (iv) The parallel alignment for inter-

diffusion case (Fig. 1a) has larger conductance as the
number of disordered layers is smaller as compared to
the case of random spacer sample.

In conclusion, we have found only small differences

between the IL and SP geometries for P and AP
alignments but non-negligible deviations for samples
with rotated magnetizations. These differences become

larger with increasing number of repetitions but the
opposite tendency is observed for increasing number of
disordered layers. Further studies are thus needed to

verify the validity of the series resistor model [12] for this
system.
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Fig. 1. The conductance of interleaved (full symbols) and of

separated (empty symbols) multilayeres: (a) interdiffusion at

sample interfaces, and (b) alloying in spacer layers (squares:

5 ML spacer slabs, diamonds: 15 ML spacer slabs). The lines

serve as a guide for eye.
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