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Interface resistance of disordered magnetic multilayers
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We study the effect of interface disorder on the spin-dependent interface resistances of Co/Cu, Fe/Cr, and
Au/Ag multilayers using a newly developed method for calculating transmission matrices from first-principles.
The efficient implementation using tight-binding linear-muffin-tin orbitals allows us to model interface disor-
der using large lateral supercells whereby specular and diffuse scattering are treated on an equal footing.
Without introducing any free parameters, quantitative agreement with experiment is obtained. We predict that
disorderreducesthe majority-spin interface resistance of F&ADO) multilayers by a factor 3.
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When two layers of magnetic material are separated by and layer dependence of CPP-GMR remarkably wéle-
non-magnetic spacer layer, the electrical resistance of theause it turns out to be strongly spin dependent and domi-
system depends strongly on whether the magnetization diregates the magnetoresistance for layer thicknesses which are
tions are aligned parallel or antiparallel. This effect is knownnot too large, the key to understanding CPP magnetoresis-
as giant magnetoresistan@@MR).! The huge interet*in  tance lies in understanding the origin of the interface resis-
the physics of GMR is largely driven by the wide application tance. The methodology which we have developed allows us

potential of the effect, which has already been realized irf© include specular and diffuse scattering on an equal footing
magnetic recording heads. without introducing any arbitrary fitting parameters.

GMR can be observed in a number of different measuring Explicit expressions for the interface resistance were de-
configurations. The current-in-pla€IP) configuration is 'ved by Schepet al™in terms of the transmission matrix
experimentally the simplest and is what is used at present iWhich describes how the electronic structure mismatch at an

applications. However, for gaining a better understanding of\/B in_terface affects electror_l transport. In th_e limit i_n which
the underlying physics, the current—perpendicular—to-the:‘here is no coherent scattering between adjacent interfaces,

plane (CPP configuratiof®° is preferred because of its presumably due to sufficiently strong bulk scattering, the in-

higher symmetry, which should make it easier to understand€'face resistance is given by
and because of higher MR ratios.

The factors usually considered in theoretical treatments of h
GMR are the potential steps encountered by electrons pass- Rag=
ing from one material to another, impurity scattering in the
bulk of the layers, and defect scattering at the interfacés.

There has been a great deal of discussion about the relativénereT, , are the probabilities for eigenstatein material
importance of these ingredients and their spin dependencéto be transmitted through the interface into the eigenstate
which cannot be resolved solely on the basis of model calin material B, the sum is over the Fermi surface, and
culations which include these effects in parametrized forme?/h Nacg) is the Sharvin conductance of materiafBA. In
Once the question has been suitably posed, however, detail&ef. 14 transmission matrices and interface resistances were
electronic structure calculations can be used to resolve thebtained for ideal Co/Cu interfaces using a first-principles
issue quantitatively. For example, the effect of potentiaFLAPW-based embedding technique. These, and similar re-
steps and their microscopic origin could be established irsults obtained by Stiles and Petirgemonstrated that a com-
this way%1! bination of spin-independent bulk scattering and strongly

In this paper we wish to address the relative role of specuspin-dependent specular interface scattering arising from the
lar and diffuse interface scattering. This has been studied bgpin dependence of the band mismatch can account for the
a large number of authors but so far only using simple modeobserved spin dependence of the interface resistances. These
els which do not allow for detailed quantitative analysis ofresults are at odds with the common wisdom that metallic
specific material$?>*We focus on the interface resistance of heterointerfaces cannot be perfect due to unavoidable rough-
the resistor model which describes the observed thicknessess and/or interface alloying. Indeed, for the one case of
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TABLE I. Results of calculations. makes it very suitable for testing our method without the
complicating factor of spin dependence. The interface resis-
System Roughness  Rpa(fQm*)  RuinfQm?)  tance we find for a clean Au/Ag interface based on @gis
Au/Ag(11D) clean 0.094 0.047 f) m? which is very close to the experimental value,
Au/Ag(11D) rough? 0.118 0.050+0.004 2 m?. The resistance of a Au/Ag interface
Au/Ag(11D) exp. 0.106-0.008 becomes 0.059(f m? when the mte_rface qo_ntams two I_ay-
ers of Ay sAgg s alloy. The uncertainty arising from using
Co/Cu(100) clean 0.33 1.79 ?Afferigt alloy configurations within the>66 unit cell is less
an 0.
gg;g,écl:r]()lll) C(i:ae;n 095690 12.;1264 We calculate the interface resistance of Co/Cu interfaces

for both (100 and (111) orientations. The lattice constant

a
gg;gﬁg roeuxih 0 206';% 06 i'gzg'gi used fo_r fcc _Co/Cu is_ 3._549 A. we focus_ma_inly on thg
: ) ’ ) : (111) orientation as this is the structure which is predomi-
nantly seen in the experimental samples. The interface alloy
Fe/C(100 clean 2.82 0.50 is again at least two atomic layers thitk We treat the in-
Fe/C(100) rough?® 0.99 0.50

terface disorder as two layers of CoCu alloy modeled using
an 8X8 lateral supercell. The largest uncertainty between
different configurations of two layers of 50-50 alloy is about
Co/Cu11)) interfaces for which direct comparison could be 2.5%, which is much smaller than the experimental error
made with experiment, the agreement though reasonablbar. For interface alloy compositions ranging from 50-50 to
was not perfect. We therefore address the following ques44-56 the interface resistance does not change within our
tions: Why does a calculation for a perfect interface agree asumerical accuracy. With two layers of interface alloy, the
well as it does for a sample produced by sputtering? Cawcalculated transmission probability for the minority spin
theory and experiment be brought into even better agreemeetectrons decreases by about 10% bringing the calculated
by taking into account disorder? Is the finding that speculainterface resistance into near perfect agreement with experi-
interfaces are a reasonable first order approximation generiment. We find that disorder gives rise to mainly forward
or a coincidence found only for the Co/Cu system? scattering of the electrons so that the decrease of the ballistic
The FLAPW-based method used in Ref. 14 was compueomponent is almost canceled by the increase of the diffu-
tationally too demanding to allow interface disorder to besive part. This is the reason why the calculations for the
treated. Starting instead with the more efficient surfacedefect-free Co/Cu interfal®!® were in reasonable agree-
Green’s function methdflimplemented with a tight-binding ment with experiment. The strong diffuse scattering also ex-
linear muffin tin orbital basi$’ we can now calculate the plains why the two-channel resistor model performs so well
transmission and reflection matrices needed in the Landauedown to relatively thin layers in which bulk scattering should
Buttiker formulation of transport theori? but now for much  not be important.
larger systems. In this paper, we present the results of calcu- The resistance of a Cu/Co interface calculated with two
lations for Co/Cu, Fe/Cr, and Ag/Au layered systems inlayers of 50% interface alloy is 0.41Qfm? for the majority
which we model interface disorder by means of large lateraspin and 1.820.03 ) m? for the minority spin. The error
supercells. The electronic structure is determined selfbar for the minority-spin results from using a finite lateral
consistently within the local spin density approximation. Tosupercell for modeling disorder and configuration averaging.
model the interface, we randomly distribute the appropriatéfhe majority spin bands of Cu and Co, similar to the bands
concentration of different atoms within lateral supercélls of Auand Ag, are so well matched that interface disorder has
containing as many as X110 atoms. For the disordered lay- very little effect on the interface resistance. We observe
ers the potentials are determined self-consistently using th@able ) that there is near perfect agreement for the minority
layer CPA approximatiof® The calculations are carried out spin (certainly within the overall uncertainty of the calcula-
with ak| mesh density equivalent to 360K mesh points in  tion) but that the calculated resistance for the majority spin
the two-dimensional Brillouin zonéBZ) of a 1x 1 interface  case which was already too large in the absence of disorder
unit cell. The numerical error bar resulting from this sam-is even slightly increased by disorder.
pling is smaller than 0.2% of the conductance. The interface With two layers of interface alloy, almost 80% of the
resistances calculated for Co/CLO0) and(111) in the clean  minority spin conduction results from diffuse scattering. We
limit using Eq.(1) agree with those obtained by Schep usingcan see this diffuse scattering in a different way by calculat-
an entirely different code to within about 0.X2im? or 5%. ing the conductance for Cu/Co/Cu, Cu/Co/Cu/Co/Cu, and
In the presence of defects, the conductance can be e%u/Co/Cu/Co/Cu/Co/Cu in a manner quite analogous to that
pressed as the sum of a ballistic part and a diffuse part; théescribed above for the single Cu/Co interface. To be able to
transmission matrix elements between two Bloch states witlperform this large calculation we had to use a smaller super-
the samek correspond to ballistic scattering, those betweercell (6x6) so that the error bar is larger than for the8
two Bloch states with differerk to diffuse scattering. The calculation. In these calculations the boundary Cu layers are
calculated results are shown in Table I. The Au/Ag interfacesemiinfinite “leads” and the interface disorder is two layers
has fc¢111) texture and the interface roughness is estimate@f 50-50 alloy. Results are insensitive to the individual layer
to be at least two layers thick in the MSU sampd®ghis  thicknesses, chosen here to be 10 atomic layers. In Fig. 1 the

a2 layers 50-50 interface alloy.
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FIG. 1. Differential interface resistance as the number of inter-
faces increase for a disordered Cu/Co multilayer embedded between
Cu leads.

differential resistance per interface is shown for all four sys-
tems. For the minority spins, the deviation from the result
obtained for a single interface is quite small. The strong dif-
fuse interface scattering destroys the phase coherent scatter-
ing between subsequent interfaces so that Ohm’s law holds
when the number of interfaces is increased. For the majority
spin, however, the interface resistance does not obey Ohm’s
law but decreases as the number of interfaces increases. It
appears to saturate at a value of 0.0Z nfi¥> which is only a

third of the experimental value, but consistent with Mathon'’s h |
calculation for a multilayer with random layer thicknes$ks. C f

The majority spin potentials for Co and Cu are so similar that

the scattering from a double alloy layer is insufficient to  FIG. 2. Number of propagating channels in the first Brillouin
break the coherence which is considerably longer range thaione. (a), (b), and (c) are for the majority spin of a clean Fe/Cr
for the strongly scattered minority spins. We would have tointerface, bulk Fe, and bulk Cfgl), (e), and(f) are for minority spin
assume that the majority spin electrons remain coherent faglectrons of a clean Co/Cu interface, bulk Co, and bulk Cu, respec-
transport through four interfaces in order to obtain a value ofively. The numbers in brackets are the total number of propagating
the average interface resistance close to the experimenteltannels per unit cell. The grayscale interpolates the number of
value of 0.26 ) m>. Compared to real samples with bulk Propagating channels péj point between zergwhite) and four
defects and lateral variations in the layer thicknesses, it agblack.

pears that we overestimate the coherence length in the M3 qie 14 that of bulk Fe. The effect of disorder is to suppress
jority spin casé. _ _ _ _ the interface asymmetry rather than enhance it. As was the
For the(111) orientation we also considered an interface case for the Co/Cu majority spins, interface disorder has only
between hcp Co and fcc Cu. For a cleanf&B/Cu:z:? 4 small effect on the well-matched minority spin channel.
interface both majority and minority spin resistances are subror the majority spin channel, however, the transmission
stantially larger than for the fcc case and even larger than thgrobability for a clean interface is very low due to a large
experimental valuegTable ). band mismatch. For a disordered interface, the ballistic con-
The Fe/Cr interface resistance is computed for theribution to the conductance can only decrease by a small
bca100) orientation, which is the low index orientation with amount but the diffuse component increases enormously
the largest spin-asymmetty.We used a lattice constant of leading to a large net increase in the transmission. 3% Fe
2.87 A. To model the interface roughness & & lateral  impurities in the first Cr layefor 3% Cr in the first Fe layer
supercell was used. The uncertainty from configuration averincrease the transmission probability by more than 10%.
aging is less than 10%. Two interdiffused atom layers suppress the spin asymmetry
Whereas for Co/Cu the majority-spin band structuresand the MR efficiently—the interface resistances resulting
were well matched, for Fe/Cr the situation is reversed and ifrom two 50-50 interface alloy layers are 0.99 and
is the minority-spin electronic structures which match well.0.50 0 m? for majority and minority spin, respectively.
Using Eq. (1), the interface resistance is 2.82 andThus, the interface quality is much more critical for a large
0.50 ) m? for majority and minority spin, respectively, so CPP-MR in the Fe/Cr than in the Co/Cu system.
that the Fe/Cr interface has a negative spin-asymmetry, op- The qualitative difference between Fe/Cr and Co/Cu can
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be understood using Figs.(82-2(c) and Figs. 2d)—2(f) tem, interface disorder can increase or decrease the interface
where we show as a function &f the number of majority- resistance. For some interfaces such as Au/Ag and Co/Cu,
spin propagating channels for the Fe/Cr interface, bulk Fethe band mismatch at an interface is responsible for most of
and bulk Cr, respectively, and the number of minority-spinthe interface resistance. For other systems such as Fe/Cr, the
propagating channels for the Co/Cu interface, bulk Co, andhterface resistance can dramatically depend on the interface
bulk Cu, all in the first BZ. For the Co/C(l1]) interface  perfection. For Fe/Cr interface, the majority-spin interface
minority-spin states, the Fermi surfaces of both Co and Cuesistance is reduced by as much as 70% by interface disor-
occupy a large part of the 2D BZ so that there are a largeler. Interface disorder enhances the spin asymmetry in the
number of states with the sankg in both materials which  Co/Cu system but decreases it for Fe/Cr. In the systems con-
can, in principle, propagate in the absence of disorder. Sunsidered, the diffuse scattering arising from interface disorder
ming over allk|, however, the transmission probability of breaks the phase coherence in high resistance spin channels,
states(coming from Cu is only about 60%; the character of but not necessarily for the low resistance spin channels.
the bulk states on either side is such that they match poorly. Note addedAfter submission of the manuscript we were
Defect scattering tends to reduce the transmission probabilitkindly informed by the authors about a manuscript by D.
and thusincreaseshe interface resistance of the Co/Cu mi- Bozecet al. [Phys. Rev. Lett85, 1314 (2000]. The theory
nority spin channel. On the other hand, we can identify twopart of that paper contains an empirical tight-binding study
mechanisms by which interface disordiscreaseshe inter-  of the limitations of the two-channel resistor model which
face resistance in the Fe/Cr majority-spin channel by a factoagrees with the conclusions we draw from Fig. 1.
3. Majority spin electrons with smak; are almost com-
pletely reflected at the Fe/Cr specular interface because the This work is part of the research program for the “Stich-
electronic states on both sides of the interface do not matcting voor Fundamenteel Onderzoek der MateriFOM),
well. Defect scattering is found to increase the transmissiomvhich is financially supported by the “Nederlandse Organi-
of these electrons strongly. Furthermore, fgroutside of ~ satie voor Wetenschappelijk OnderzoeKNWO). This
this central area, there are no propagating states on the Gtudy was supported by the NEDO joint research program
side. Propagating modes in Fe with larder, which are (NTDP-98, the Grant Agency of the Czech Repub(02/
totally reflected at the specular interface, can be scattere@0/0123, and the Grant Agency of the Academy of Sciences
diffusely into the center of the BZ where there are manyof the Czech Republi¢A1010829. We acknowledge ben-
states available in Cr. efits from the TMR Research Network on “Interface Mag-

In summary, we have studied the interface resistance afietism” under Contract No. FMRX-CT96-0088DG12-
Co/Cu, Fe/Cr, and Au/Ag interfaces. Depending on the sysMIHT).
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