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The current-in-plane resistivities and corresponding magnetoresistance ratios are calculated for realistic
Co/Cu/Co-based spin-valve samples by applying the Kubo-Greenwood approach together with the fully rela-
tivistic, spin-polarized, screened Korringa-Kohn-Rostoker method for layered structures. We study the effects
of both alloying in the spacer layers with a selection df 3d, and 5 elements as well as different profiles
for interdiffusion at the Co/Cu interfaces. On comparing our results to available experimental data we find that
both interdiffusion and confinement effects, due to the finite overall thickness of the spin valve, strongly
influence the magnetoresistance of spin-valve structures.
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[. INTRODUCTION sequences. These authors also studied dilute alloys of the Co
interface layer with various @ elements, as well as far(2

The magnetotransport properties of magnetic multilayeredk 2) interface alloys, and found remarkable variations of the
structures, e.g., the giant magnetoresista(@®R), have GMR.
been of current interest both for their potential applications, We have recently developed ab initio code that is ca-
such as the read heads of hard disk drives in computers, @able of including both the effects of electronic structure as
well as for the basic physics of electrical transport in mag-well as defect scattering on the electrical resistivities of mag-
netically inhomogeneous materials. In particular it has been aetic multilayered structure As it is nigh impossible to
challenge to dab initio calculations of these properties that know the precise nature and distribution of the defects and
can be compared with experimental data. The primary diffiimpurities that produce the resistance in these multilayered
culties lie both in using an appropriate algorithm to calculatestructures we have undertaken a study of how specific impu-
the resistivities as well as gaining sufficient knowledge fromrities and distributions of impurities affect the transport prop-
experiments of the precise nature and distribution of the imerties of multilayered structures. In large part we focused on
purities and defects which produce the resistance and mag0/Cu/Co-based spin valves because of the experimental
netoresistance in these multilayers. data available. However, the data is usually given at room

As of the middle 1990s several attempts have been mademperature whereas our calculations are limited to zero tem-
to explore various effects giving rise to or controlling GMR perature. Therefore, we have taken data at low temperatures
in magnetic multilayer systems, in particular on Co/Cu-basedn a specific spin-valve structure in the current-in-plane
structures:? By means of nonlocal conductivities obtained (CIP) geometry and present an analysis based on our model-
from the Kubo-Greenwood formalism as applied to a layeredng of this structure.
Korringa-Kohn-Rostoker approach Butlet al! shed light As interfaces are known to be centers of strong spin-
on the nonlocal and channelingvave-guide effects that dependent scattering we will present in this paper how dif-
contribute to the intrinsic origins of GMR. These ideas haveferent concentration profiles of interdiffused impurities about
been supported by Mertigt al? in terms of a Boltzmann- an interface between a magnetic and nonmagnetic metallic
type approach by using a screened Korringa-Kohn-Rostokdayer affect the transport properties of Co/Cu/Co-based spin
method; in addition they pointed out the importance of dif-valves. Scattering from impurities in the bulk of the layers is
fusive interface scattering to the GMR in repeated Co/Clknown to be a secondary source of resistivity; therefore, we
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have determined the effect of alloying the bulk of the non-  All our calculations are done within the fully relativistic,
magnetic spacer layers with impurities. Our salient concluspin-polarized, screened Korringa-Kohn-Rostok@tkR)
sions are that the transport properties are sensitive to th@ethod for layered systems; the effects of introducing impu-
distribution of the interdiffused impurities as well as to therities (interdiffused impurities about an interface or impuri-
amount of impurities. When we introduce impurities which ties inside the bulk of a laypare incorporated by means of
are strong spin-orbit scatterers in the bulk of the nonmagthe single-site coherent-potential approximatigGPA).
netic spacer layer we find that the magnetoresistance dropgherefore, we can calculate resistivities and GMR for mag-
precipitately; e.g., as little as 1% Ti in Cu reduces the GMRnetic multilayered structures witho adjustable parameters
by a factor of 2, and at 5% Ti the GMR is nearly completely other than the lattice constant, i.e., inaim initio manner. In
destroyed. this scheme the effects arising from the electronic structure
and those coming from concentrated impurities on the mag-
Il. METHOD OF CALCULATION netotransport properties are evaluated simultanedusly.

) . A fully relativistic spin-polarized calculation of the resis-
. Apglymg the Kubo?G_reencwood approach the CIP resistiv-yities is of course essential when dealing with systems that
ity (p”) and conductivity ¢*) for disordered layered sys- nhaye strong spin-orbit coupling. It offers a possibility to test
tems with growth direction along the surface normakgis)  the mixing of the spin currentéhat are assumed to be inde-

are given by pendent channels in the so-called “two current modetiue
to impurities which have strong spin-orbit scattering poten-
C=p(N;cC), o =0,(Nn;cC) : i i
P =Pxd L& L), o LG L), tials. But also for the Co/Cu/Co-based spin valves without
strong spin-orbit scattering impurities the fully relativistic
Pup(Nic;C)=1/o,,(n;c;C0), pe{xy}, treatment is important to obtain realistic resistivities as it

prevents the short circuit produced by the near matching of
. potentials for one spin channel that is usually found by ap-
0,,(N;¢;C) =i21 (6O, pe{Xxy}, plying the “two current model.” Unique to a fully relativistic
- spin-polarized approach the dependence of the resistivities
5 on the orientation of the magnetization relative to the layers
ol = THILIMG  (er)J ImG*(ep)). (1)  can be determined without further parameters or approxima-
b aNQg  H ’ tions; therefore, it allows us to determine the contributions
coming from the anisotropic magnetoresistance to the GMR
of magnetic multilayered structures.

n

Here,n denotes the number of layers consider@dives the
layerwise compositions, ar@denotes a particular magnetic

. . i s th quctivity that d ibes th However, our current implementation has a few limita-
configuration.o,, is the conductivity that describes the cur- yjong: Using the single-site approximation to the CPA to de-

rent in layeri caused by an electric field in laygrNo is the  geripe the electronic structure of substitutional alloys implies
number of atoms per plane of aton{®, is the atomic vol-  hat gl sorts of short-range order or concentration fluctua-
ume,(- - -) denotes an average over configuratialisis the  {jons are excluded. Furthermore, in our present use of the
uth component of the current operator referenced toithe Kybo-Greenwood approach for layered systems no vertex
plane, andG" is the electron propagatofone-particle corrections arising from the configurational average of the
Green's function from planes toj at the Fermi energy¥r.  product of two Green’s functions are includétbwever, they
The expressions given in E@l) are restricted to CIPfor  are usually found to be quite small for the CIP geometry; see
currents perpendicular to the planes of layers the resistivity|so the discussion in Ref).5All interlayer distances refer to
for a finite layered structure cannot be written in this waythe “parent lattice” of the substrate, i.e., surface and inter-
(see Ref. §]. face relaxations are completely neglected, and in order to

In spin-valve structures the relative change in resistivitiesestablish a well-defined Fermi level we conveniently use a
between “antiparallel’(AP) and “parallel” (P) alignments  semi-infinite metal as substratsee also the discussion on
of the magnetizations of the magnetic slabs is commonlyutgoing boundary conditions in Sec.)IMn addition, for

referred to as GMR or the magnetoresistance ratio: computational purposes a finite imaginary part to the Fermi
energy ) has to be used in the calculation of the conduc-
p"P—pP tivities o), that in turn produces a spurious resistivity for
R= AP 2) which correction should be made.

In the present paper all calculations are based on self-
We adopt this definition of the GMR, rather than the oneconsistent effective potentials and effective exchange fields
usually used to report experimental resiltswhich the de- as obtained by using the fully relativistic, spin-polarized,
nominator is the resistivity of the parallel configuratiobe-  screened KKR methddiogether with the CPA for layered
cause the ratio given by E¢R) is bounded between zero and systems and applying the local-density functional of Vosko
one. Unless stated explicitly otherwise, all numbers and figet al® All scattering channels up to and includifig,=2
ures presented in this paper refer to the choice of definitionvere taken into account, and all interlayer distances refer to
according to Eq.(2); for small values ofR the difference the fcq100 “parent lattice” of Co (a,=3.47 A, d
between the two definitions appears to be a relatively con=1.73 A). In the self-consistency runs 48 points in the
stant shift of about 1%—2%. irreducible wedge of the surface Brillouin zofi&BZ) have
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23 - - - - . actual structure to a model which retains the features of the
original structure that are critical for magnetotransport prop-
erties.

We have chosen to do our calculations on the model spin-
valve structure Co(100)/GgCu;,C0;,/Co(100), i.e., con-
sidering 36 magnetically active monolayers. Our model spin-
valve structure differs from the measured structure in three
ways: (i) the thicknesses of the magnetic layers are different;
the 12 monolayers correspond to a thickness of 20.8iA;
the substrate and capping layers in which the magnetically
active part of the spin valve is embedded are substituted by
semi-infinite Co; and(iii) we forced the magnetization to
point perpendicular to the planes of atoms in our calculations

FIG. 1. Resistivity of the spin-valve sample NiO/26 A)/ instead of pointing in plane. Since the measured spin valve

Cu22 A)ICo40 A)Ta(10 A) as a function of field measured at v_vas_polycrys_talline and therefore had no preferred orienta-
42K, tion in the spin-valve layers, we have deliberately chosen to

use the fc€l00 stacking sequence in our calculations, be-

been used to determine the electronic structure. However, ifi@use the computations are much faster fo1f@0 than for
calculating the conductivitiesrixix 1830 k; points in the fcc(111). In addition, in our calculations we are constrained

ISBZ together with a finite imaginary part to the Fermi en-t0_Use a finite imaginary part to the Fermi energy (
ergy of 6=2 mRy have been used to evaluate the surface™ 2 mRy) th‘."‘t produces an artificial resistivity for which
Brillouin-zone integral® involved. In order to speed up the COréctions will have to be made.

computations we have “chosen” the magnetization to point .Regafd'”g pointi), as we fo.cus in this paper on the ro_Ie
uniformly perpendicular to the planes of atoms, i.e., along?f interdiffusion at the Co/Cu interfaces and not on the im-
the z axis[with this choice thexx andyy components in Eq. purity scattering in the Co layers themselves the thickness of

; ; ; the Co layers is not critical provided one considers a mini-
1) are identica), for most of the calculationgsee also the "
1) 4 & mum of 8—12 monolayers of Co. As for the second pgint

discussion on the orientation of the magnetization in Sec, ” . .
V). the boundary conditions on the magnetically active part of
the spin valve are essential to obtain a realistic estimate of
the transport properties. Our model structure places the spin

IIl. EXPERIMENTAL RESULTS valves in direct contact with semi-infinite metals; this is

As a prototypical example of the magnetoresistance onf€€ded in our calculational scheme to establish a well-
can expect from a spin-valve structure we made and pe|deflned Fermi level. However, this computational aid has the
formed measurements on polycrystallime preferred orien- drawback that it is equivalent to outgoing boundary condi-
tation) NiO/Co(25 A)/Cu22 A)/Co(40 A)/Ta(10 A) spin-  fionson the spin-valve structufallowing some electrons to
valve structures. The Co/Cu/Co films were deposited onto gfak out into the semi-infinite leafiand therefore produces
substrates coated with NiO by using dc magnetron sputtefSPurious contributions to the resistivities which are not
ing. The antiferromagnetic NiO films are polycrystalline andPresent in thzospm-valve structures embedded between NiO
provide pinning to the bottom Co layer. Both the resistancéd Ta layers.” To access the magnitude of this spurious
and magnetoresistance were measured using the Van d&SIStivity we have calculated the resistivity of a companion
Pauw method at temperatures ranging from 4.2—300 K. Théfructure vacuum/GeCu;,Coy,/vacuum, i.e., again our
absolute resistivity values were deduced from the film thick-Model spin-valve structure but with reflecting boundary con-
ness, and the measured resistance was corrected for a snf#ffons. o
asymmetry between the two conducting paths by conven- In Fig. 2 we show the Iayer—resolveq contrlbu_tlons to the
tional methods. At low temperatures, as the pinning fielgconductivity for our model structure with outgoing and re-
increases, the nearly full antiparallel alignment is realized irfl€cting boundary conditions. When we look at the layer-
the high-resistance state. Therefore, the quoted magnetoresfiagonal contribution§Fig. 2(&)] we find that the major dif-
tances were calculated from the resistances in the welf€rénces occur in the vicinity of the boundary; specifically
defined parallel and antiparallel states. In Fig. 1 we show théhe conductivities are oblivious to the boundaries when one

resistivity of this structure at 4.2 K; the measured GMR var-nas outgoing boundary conditions, while the reflecting
ies from 12% at 4.2 K to 5% at 300 K. boundary conditions cause a pile up of charge and concomi-

tantly conductivity at the boundaries. Also noteworthy is the
insensitivity of the layer-resolved conductivities/, in the
interior of the spin valve especially about the Co/Cu inter-
If we were to calculate the transport properties of thefaces and inside the Cu spacer layffgs. 2a), 2(c), and
actual spin valve studied we would need a total of 56 mono2(d)]. When we look at the total contribution to the conduc-
layers; this far exceeds the present computing capabilities d/ity coming from each layer, i.eq,, =27, 0y, [Fig. 2b)],
we are currently limited to consider on the order of 40 mono-we find that the reflecting boundary condition more or less
layers. Therefore, we must judiciously transcribe theuniformally shifts theo,, upwards compared to the outgoing
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FIG. 2. Layer-resolved contributions to the conductivity with
6=2 mRy for the parallel configuration of the model spin-valve
structure with reflecting (vacuum/C&u,,Co;,/vacuum; open
squares and outgoing [Co(100)/Cq,Cu;,Co;,/Co(100);

full

circles| boundary conditions(a) Layer- dlagonal contrlbutlonsxx,
(b) layerwise conduct|V|t|e$rXX—2” 104y, and(c) and (d) layer-

resolved conductivities), with reflectlng and outgoing boundary

conditions, respectively.
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boundary condition. This comes from the additional contri-
butions too), along the boundarigsee Figs. &) and 2d)]
which enter ther}, for all layers. For our model structure we
find that the outgoing boundary condition produces a spuri-
ous resistivity of~4 ©€Q cm (independently o®) as com-
pared to the free-standing spin valve. Concommitantly the
GMR depends on these boundary conditions; the GMR of
our model structure evaluated from resistivities at
=2 mRy is 10.1% for outgoing and 14.5% for reflecting
boundary conditions.

Finally on the last pointiii), although in the Co/Cu/Co-
based spin valves studied in this paper the orientation of the
magnetization is in the plane of the layéescording to our
calculations and confirmed by experimgnin the present
study—for ease of computation—we forced the magnetiza-
tion to point perpendicular to the planes of atoms. As we use
a fully relativistic code we are able to determine the contri-
bution coming from anisotropic magnetoresistance to the
GMR; it is less than what one would normally expect. For
our model structure with outgoing boundary conditions the
GMR is 10.1% when it is evaluated from resistivities &t
=2 mRy and for magnetization perpendicular to the layers,
while it is 9.7% for in-plane magnetization; therefore the
anisotropic magnetoresistancg(p|—p,)3/(2p, +pj) ],

0.7% in the parallel configuration and 0.3% in the antiparal-
lel configuration.

V. INTERDIFFUSION AT INTERFACES

The interfaces in metallic multilayered structures have
two sources of scattering: the interdiffusion of atoms be-
tween layers and the geometrical roughness of the
interface!! At the present time we have used only the single-
site CPA to consider the effects of disorder on transport prop-
erties. In particular we neglect short-range order and are un-
able to consider extended defects. For this reason we will not
consider interface roughness; rather we will focus on inter-
diffusion which can be described at some level within the
single-site CPA.

There are two aspects to the interdiffusion we will con-
sider: the amount of interdiffused atoms across the interfaces
and the concentration profile of the interdiffusion. In Fig. 3
we show the different interdiffusion profiles we have consid-
ered in our calculations. We assume the same interdiffusion
profile at both Co/Cu interfaces, and all profiles are symmet-
ric about the interfaces. Interdiffusion between the two layers
forming the interface P2) means that the monolayer of the
Co slab adjacent to the interface has a composition of
Co00-.Cl, and the adjoining monolayer in the Cu spacer
has a composition of Gy .Co. . The broader interdiffusion
profilesP4, P6, P8, andP10 are formed by 4, 6, 8, and 10
interdiffused monolayers around the interfaces with total in-
terdiffusion concentrations of 15%, 20%, 25%, and 30%, re-
spectively; the layerwise interdiffusion concentrations for
these profiles can be read off from Fig. 3.

In Fig. 4 we present the resistivities and GMR we find as
a function of the interdiffusion amount and profile. It is im-
portant to stress that the results quoted in this figure are for
6=2 mRy and should therefore not be considered as actual
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FIG. 3. Various interdiffusion profiles considered in our  FiG. 4. (a) Raw resistivities, andb) GMR as a function of
calculations. interdiffusion amount and profile for the model spin-valve structure
o _ Co(100)/C@,Cuy,Co;,/Co(100) withs=2 mRy and with outgo-
resistivities. However, the general trends are as expected; thgy poundary conditions. Resistivities for the antiparallel configu-
resistivities increase W|th the amount Of Intel’dlf’fUSIOI’] Theyrat|0n are d|sp|ayed by open squares, resistivities for the para”e|

saturate if we confine the interdiffusion to the two layersconfiguration by full circles. The solid lines connect the values cor-
adjacent to the interfaceéP@, solid lineg, whereas they con-  responding td2 profiles(interdiffusion confined to the two mono-
tinue to grow for broader interdiffusion profile$4-P10, layers adjacent to the interfgcehe dotted lines connect the various
dotted lines. broader profiles?4-P10 as illustrated in Fig. 3. The GMR values
To compare our resistivities calculated for this model sys<b) correspond to the definition according to E&); the GMR
tem to the experimental data we have to correct for both th&alues with respect to the parallel configuration, i.e., using the other
effects of the finite imaginary part of the energy and for thekind of definition, would be higher, e.g., by about 2.2% RS .
outgoing boundary conditions. While we can remove the ef-
fects of the outgoing boundary by the scheme discussed iisolate the effects of interdiffusion on the transport proper-
the previous section, it is computationally prohibitive to de-ties. For the Co,Cu;,Co;, spin valve the outgoing boundary
termine the resistivity in the limis— 0. Therefore, we have condition adds~4 w cm (see previous sectigrwhereas
had to adopt amd hocprocedure to pinpoint the effects of the finite imaginary par=2 mRy accounts for the remain-
interdiffusion on the transport properties of these spin-valvéng ~10 pw)cm in the parallel configuration and
structures. We know the resistivity is zero for the perfectly~12 w() cm in the antiparallel configuration.

flat free-standing film vacuum/GgCu,;,Co,,/vacuum with- In Fig. 5 we show the results of Fig. 4 that have been
out any defects and with=0; indeed we have also checked corrected by zeroing out the resistivities for the pure struc-
this numerically for thinner slabs, e.g., ture as discussed above, i.e., the resistivities for the parallel

vacuum/CeCu,Co,/vacuum. Therefore, it is reasonable to and antiparallel configurations are displaced by constant
identify the resistivities calculated without any interdiffusion amounts; the trends as a function of interdiffusion remain the
as the spurious contributions coming from the boundary consame. To the extent that the above correction is valid and that
ditions and from the finites. For this reason, we have sub- interdiffusion is the primary source of resistance the resistiv-
tracted the resistivities found without interdiffusion from the ities given in Fig. 5 are meaningful, i.e., we can identify the
resistivities with interdiffusion in our calculation so as to resistivity of the multilayer with a range of concentrations
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16 interdiffused monolayers around the interfgckat that too
broad a distribution P8, P10) decreases the GMR; see in
19 particular Fig. %b) at c=30%.
e Generally one finds that the effect of the Cu spacer is to
a dilute the GMR that would come from two Co slabs without
z 8 any spacer aligned into a parallel and an artificial antiparallel
g configuration; the GMR for raw data drops from 22.2% with-
£ 4 out a spacer to the 10.1% quoted previously for thg,Cu
g spacer. By studying our results in more detail, we can state
0 that the effect of interdiffusion onto the magnetotransport
antiparallel O properties is a real effect due to introducing impurities
. . . . pa”’l‘”e' ° . around the interface; interdiffusion should not be interpreted
0 5 10 15 20 25 30 as makjng the spacer gffectivgly thinner. While the correct_ed
resistivity for symmetric interdiffusion about the interface is
total interdiffusion concentration [%] just the sum of the resistivities of the corresponding asym-
metric interdiffusion profilegwith impurities on only one
. side of the interface in order to obtain the highest GMR
24 I(p) value one needs to have impurities on both sides of the in-
oo | terface (e.g., the corrected GMR for the symmetiRd0B
profile is 17.3%, whereas the GMR is only 13.5% or 14.5%
— 20 | for the corresponding asymmetric profiles with impurities
= only inside the magnetic slabs or with impurities only inside
T 18 the spacer, respectively
S 46l When we compare the calculated results to the measured
data on the spin-valve structure discussed in Sec. Il we find
14 | that the experimental resistivities are between two and three
times larger than the corrected values shown in Hig). &d
2r . . . . . that the experimental GMR is about one half of the GMR

calculated from these corrected resistivities in Figb)5
From this comparison we infer that there are additional
total interdiffusion concentration [%] sources of scattering in the actual spin valve and that they are
probably nonmagnetic in origin.

0 5 10 15 20 25 30

FIG. 5. (a) Corrected resistivities, anth) GMR as a function of
interdiffusion amount and profile for the model spin-valve structure
Co,.Cuy,Cop,. Resistivities for the antiparallel configuration are VI. ALLOYING IN THE SPACER
displayed by open squares, resistivities for the parallel configuration o ) ]
by full circles. The solid lines connect the values corresponding to A second source of defect scattering in magnetic multilay-
P2 profiles(interdiffusion confined to the two monolayers adjacent €S comes from impurities in the bulk of the layers. The role
to the interfacg the dotted lines connect the various broader pro-Of impurities in the magnetic Co layers was studied in a
files P4—P10 as illustrated in Fig. 3. The GMR valués) corre-  previous papet;here we consider the effects of impurities in
spond to the definition according to E(R); since the corrected the Cu spacer layer. Specifically we have considered two
resistivities are rather small the GMR values with respect to theypes of impurities: one that is isoelectronic with Cu, i.e., Ag,
parallel configuration, i.e., using the other kind of definition, would and others which we believe will produce strong spin-orbit

be higher, e.g., by about 6% f&6. and spin-dependent scattering, i.e., Pd, Pt, and Ti. In Fig. 6
we show the resistivities and GMR of the model spin-valve
and interdiffusion profiles that produce it. structure as we alloy the spacer with these impurities

The GMR we find from the corrected resistivities is well Co(100)/Cqx(Cuygo-Xc) 12C0;2/C0o(100). It is important to
within the experimental range of spin-valve structures. As westress that these are not true resistivities and should not be
have zeroed out the resistivities for the pure samples it is natompared to experimental data as these values were calcu-
possible to estimate the GMR for the corrected values afated with an imaginary part to the ener§y¥2 mRy. None-
small concentrations of the interdiffusion. From the raw dataheless the overall trends are what one normally anticipates
[see Fig. 4b)] but also from the corrected ddtsee Fig. B)]  from alloying. Notably Ag produces practically no scattering
we can see that the GMR increases with the amount of inwhen resolved in Cu, whereas Pd, Pt, and Ti produce a huge
terdiffusion. However, this increase for tR2 profile (inter-  effect.
diffusion confined to the two monolayers adjacent to the in- While in the previous section on interdiffusion we were
terface, solid linesdoes not continuad infinitum but rather  able to remove the effects of the boundary conditifinite
the GMR reaches a maximugat aboutc=40%) and then it size) and § by positing thead hocprocedure of zeroing out
will drop again. In addition, we see that some dispersion irthe resistivity of the defect-free multilayer, we cannot follow
the concentration profileR4, P6) promotes GMRwith the  this procedure for this series because the electronic structure
highest GMR value obtained for thi#6 profile formed by six  varies too much across the entire range of concentrations we
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se frrTTT L LTI short circuit effect that was there when the channels were
independent, i.e., the role of the impurities is to neutralize
i the effects of the spin-dependent scattering on the resistivi-
ties and make the current independent of the configurations
so that the GMR goes to zero. It is important to stress that
the spin-orbit scattering effects of these impurities on the
resistivity can only be ascertained in a relativistic calculation
such as the one we have carried out.
The above results are in line with the model calculations
of Tsymbal and Pettifdf for a fc100 Co;oCuyoCoyg
PN ®--.-009_ trilayer based on the Kubo-Greenwood formula within a
e nonrelativistic,spdtight-binding approximation. In their cal-
0 25 50 7 100 culations a parametey was introduced to describe the de-
alloying concentration [%] gree of disorder; this reflects the spin-independent scattering
by defects, which can thus be considered to be a monoto-
nously increasing function of the concentration of impurities.
It was found that the conductivity for the majority channel in
the parallel configuration decreases much faster with increas-
ing vy in the spacer region than that of the minority channel
or for the conductivity of either channel in the antiparallel
configuration; this in turn gives rise to a rapid, almost expo-
nential decrease of the GMR.
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VII. CONCLUSIONS

Our transport calculations allow us to take account of the
L roles of the electronic structure and of the defect scattering
0 25 50 75 100 on the electrical resistivity and GMR. However, there are
two impediments to our obtaining unambiguous values of the
resistivity in all cases. They are the effects coming from the
FIG. 6. (a) Raw resistivities, andb) GMR for the model spin-  finite size of the structures we consider, i.e., we have resis-
valve structure with homogeneously alloying the Cu spacer layerévities that depend on the boundary conditions that we set on
C0(100)/Cx Clyno-Xc)12C01,/Co(100) with 6=2 mRy and the problem, and for computational reasons we must include
with outgoing boundary conditionX=Ag (dash-dotted linesPd  an imaginary part to the energy in our conductivity calcula-
(dotted line$, Pt(dashed lines or Ti (solid lineg. Resistivities for  tions so that it is not always clear how to extrapolate the
the antiparallel configuration are displayed by open squares, resisesult to5—0.
tivities for the parallel configuration by full circles. The GMR val- For these reasons the GMR coming solely from the elec-
ues(b) correspond to the definition according to E8); the GMR  tronic structure is difficult to estimate from our calculations.
values with respect to the parallel configuration, i.e., using the othef yve adopt the hypothesis that the resistivities scale unifor-
kind of definition, would be higher by about 1%-2% for alloying ma|ly with the imaginary part and therefore theancels out
with Ag, whereas for alloying with Pd, Pt, or Ti they would remain ; the GMR we obtain some idea from Fig. 4 that for the
unchanged. Co,,Cu;,Coy» spin valve the GMR coming from the elec-
tronic structure is on the order of 10%. This number still
are considering in Fig. 6. With this caveat we have taken théncludes the role of the finite size, i.e., it is for outgoing
uncorrected raw resistivity values for the parallel and anti-boundary conditions; when we use the calculation we de-
parallel configurations of the Co layers to determine thescribed in Sec. IV on the role of outgoing versus reflecting
GMR values which are shown in Fig(l§. Alloying the Cu  boundary conditions we are led to a GMR on the order of
spacer with Ag has only minor effects on the GMR. How- about 14.5% for the reflecting boundary conditions.
ever, we note that the strong spin-orbit disorder scattering of To estimate the role of interdiffusion on the GMR we
Ti in Cu causes the GMR to precipitately drop, so that by 5%refer to Fig. 5. While the values for low concentrations
Ti the GMR is close to zero. Pt and Pd have similar traitsshould not be fully trusted because of @a hoczeroing out
although they are not as aggressive as Ti. The origin of thisf the resistivities of the pure structure, by the tirne
decrease can be understood by referring to the “two current=10% the GMR values we find reflect the roles of interdif-
model” of conduction in magnetic materidlsithough we fusion and electronic structure on the GMR, i.e., with about
have not in any way used this model in our calculations. Inc=15% interdiffusion we can get a 20% GMR effect. The
this model the current is carried by two independent spirGMR is very sensitive to the distribution of impurities; it
channels. The Ti, and to a lesser extent Pt and Pd, impuritigacreases with the amount of interdiffusion and while some
mix these independent channels and therefore remove thdispersion in the interdiffusion profile will promote GMR,

alloying concentration [%]
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too broad a distribution will decrease the GMR. of the interdiffusion is important. Finally as we made a fully
From our previous work on the role of alloying the bulk relativistic calculation we were able to demonstrate that the
of the Co slabSand from our present work of alloying the spin-flip scattering due to impurities with sizeable spin-orbit
Cu spacer layer we see that the GMR can either be increase@upling destroys GMR.
or decreased depending on the type of impurity. For Fe, Ni,
and Cu impurities in Co as well as for Ag in Cu the GMR
increases moderately with alloying; however, by introducing ACKNOWLEDGMENTS
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