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Embedded Green-function approach to the ballistic electron transport through an interface
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We present an efficient method for calculating the conductance of ballistic electrons through an interface
from first principles using the embedding approach of Inglesfield. In our method the Landatikei&farmula
for ballistic transport is expressed in terms of two quantities that are available in the embedded Green-function
formalism without additional calculations. One is the embedding potential of bulk crystals on both sides of the
interface and the other is the Green function in the interface region. As a proof of principle we calculate on the
basis of the density-functional theory the spin-resolved electron transmission through a model system of
ferromagnetic Co monolayers sandwiched between bulk Cu crystals. The relationship between our formulation
and the Green-function formulation of Baranger and Stone is discussed.
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[. INTRODUCTION effects of the bulk crystals beyond the embedding surfaces
on both sides of the interface can be represented by an

Studying electron transport through a thin interface layerenergy-dependent potential acting on the embedding sur-
or through a nanoscale contact between two electrodes fornigces. By simply adding the matrix elements of the embed-
a base of future technologies such as molecular electronic§ing potentials to the Hamiltonian of an isolated slab, one
and spin electronics. According to the Landauéttigar for-  can obtain the Green function of the entire system. So far the
mula for ballistic transport,the conductance across the in- €mbedding method was mainly used for the ground-state
terface is determined by the transmission probability of elecelectronic-structure  calculations  of interfaces and
trons at the Fermi energyer. In other words, the Surfaces®?In the present work we will show that the
conductance calculation is reduced to a scattering probleffethod is also suitable for transport calculations. We refor-
for an electron impinging on the interface. Another interest-mulate the Landauer-Biiker formuld to derive a very con-
ing subject related to such a calculation is the interactioryeénient expression that contains only the embedding poten-
between these interfaces. A recent example is the magneti@ls of the bulk systems and the boundary values of the
interlayer coupling:® where the exchange-coupling strength interface Green function. Both quantities are available in a
between two magnetic films Separated by a thin spacer |ay§rtandard embedded Green-function calculation, and thus, it is
can be estimated from the reflectivity of electrons at the inf0ssible to evaluate the conductance for ballistic transport
terface between magnetic and spacer lafefs. without any additional computation.

In the past several electronic-structure methods were de- To demonstrate the present formulation, we calculate the
veloped to address the problem of electron transmission an@Pin-resolved electron transmission through ferromagnetic
reflection at the interface. Among them are the tight-bindingfcc Co layers sandwiched between two semi-infinite Cu crys-
formulations’ ** the Korringa-Kohn-Rostoker (KKR)  tals in the[001] orientation. This is one of the most fre-
Green-function approaché%;** and also the methods in duently studied systems in connection with magnetic inter-
which the Schrdinger equation was integrated on real-spacdayer coupling. Based on a full-potential linearized
mesh points across the interface!’ Based on a Green- augmented plane-wa\&LAPW) scheme, the present calcu-
function formulation, we recently developed a first-principleslation may provide more reliable data than previous ones
method to calculate the transfer mattfwhich relates the ~Within the muffin-tin potential approximation, in particular,
value and normal derivative of an electron wave function orfor open systems and low symmetries.

a boundary surface of a slab-shaped region to the corre- The plan of the paper is as follows. In Sec. Il we refor-
sponding ones on the opposite surface of the slab. As a fir§aulate the Landauer-Biiker formula for ballistic transport

application we calculated complex band structures of bulkn terms of the embedding formalism. Section Il contains
crystals. The method is also applicable to the calculation opumerical results for the Cu/Co/Cu sandwich system. Fi-
electron transmission through an interface. This approach dfally, @ summary is given in Sec. IV. We use the Hartree
matching wave functions seems straightforward requiresatomic units throughout the paper unless otherwise stated.

however, in practice quite some effort to reach numerical
stability.*>2° . THEORY
The embedding approach of Inglesfiélélso provides a '

general framework to treat electronic states at the interface We consider a two-dimensional interface sandwiched be-
sandwiched between two bulk systems. In this method onéwveen two bulk systemg&ee Fig. 1. S, denotes a boundary
introduces a so-called embedding surface weaving betweesurface between the interface reginand the bulk crystal
the interface and bulk regions. Inglesfield showed that thé&/, («=1,2). From the embedding point of vie®, may be
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Sty Sz Jal P 952 = 3a(P5° 9% =0, (5b)
v, 0. Il 9i57) = Bow (50)
1 2
semi-infinit semi-infinite where Eq.(5¢) provides a condition for normalizing the
bulk bulk Bloch states.

Here it may be appropriate to introduce the “embedding
FIG. 1. Setup used in embedding calculations. The region opotential” of Inglesfield®! which relates the value and nor-
interest is a slalf) between the two boundarie® andS,. Q is  mal derivative onS, of an outgoing solution of the Schro
infinite in two dimensions and of finite size normal to the bound-dinger equation with energy by
aries. Outside the regiof two semi-infinite bulk region®/; and

V, are attached. 0, _q,- - 0,28 4=
I (x) =2 . Gs (Xx") g7 (x")dx’, (6)
regarded as an embedding surface. We consider the one- “
electron Green function with a real energy wherev represents either a Bloch or an evanescent state and
we adopt a conventional notatiotiagl for the embedding
[_ EAJFU(F)_ €|G(rre)=—8(r—r"), (1)  Potential. Originally, the embedding potential was introduced
2 by Inglesfield as a surface inverse of the Green function,

h "\ denotes th lect tential. For the ti which is defined inv,,, fulfills the outgoing boundary con-
wherev(r) denotes the one-electron potential. For the 'ME4ition in infinity, and has a vanishing normal derivative on

being, we do not specify the boundary condition of the Gree G - :
function. Applying Green’s theorem, one may show that%;’nfi?/ ZUblS( t)'%[u;,r;%?(f() >Z|’n Sq.vf/i) :Sg?iﬁliﬁigf rt:
#(r), a solution of the Schidinger equation, YBs, (XX =5 (X5X), P

sion,
1 - -
—5A+u(r)—elh(r)=0 (2) Ja(,/,go,wjf’):zjs [5°00]1* 3G OLX) (X' ) dxd X
for energye satisfies : (7)

_ 1 R _ o Similarly, one may define a Wronskian-like quantity
pinN=-3 a:El’z fs [G(r,X) dnth(X) — dnG(r, %) ¢h(X)]dX, Wo(¢,9) by replacing¢* (r) in Eq. (4) byO #(r). In this
“ (3)  case, instead of E7), one hasw,(¢5°,4:")=0.

. . Now we consider a scattering process in which a Bloch
wherer is any position in regiol}, X is any position at the stateb incident from the interior of the bulk crystal; is
interface S,, and d, denotes a surface normal derivative scattered at the interface and either reflected back\iptor
with n pointing outwards fron{). In Eq. (3) we omitted the  transmitted intd/,. The corresponding wave function can be
energy dependence of the Green function for simplicity.  expressed as

In bulk crystals,V; andV,, the solutions of the Schro
dinger equation are classified into those satisfying the incom-

lio > lo, > g
ing boundary condition and those satisfying the outgoing b(r)+zv oy, (1), 1 in Vg
boundary condition. The solutions in each group are further W(r)= (8)
divided into propagating Bloch states and evanescent waves. 2 t l/fZO(F) >
) . . . by ¥, (1), rin Vo,
In the following we use the first superscript, 1 or 2, to dis- o

tinguish between states M; and those inV,, the second , o
superscriptj or o, to distinguish between incoming and out- Wherery, andt,,, denote reflection and transmission coef-
going states, and the subscripor e, to distinguish between ficients, respectively, with subscripts and »’ running
Bloch and evanescent waves. Eor exammfé(F) stands for through both Bloch and evanescent states. We now specify

a Bloch state in volum¥, propagating toward the interface. the boundary condition of the Green function and assume

Let us define an expectation value of the normal componerif'@t G(r,x) in Eq. (3) fulfills the outgoing boundary condi-
of the current operator 08, by tion on S; andS,. In this case the reflected and transmitted

waves in Eq.(8) do not contribute to the integral in E(B)
1 - . o e becausaV(4°,¢")=0. As a result, Eq(3) is simplified to
Ja(¢,¢)=§fs [&* (X)Inih(X) = dn ™ (X) Yh(X) ]dX.

(4) »__E vyt 1,2y P T PR
Pin=-3 . [G(r,X)dnihy (X) = InG(r,X) ¢y, (X) JdX,
J.(¢,¢) remains constant i, is moved around inside the ' (9)
bulk crystal suppose that and ¢ are solutions of Eq(2).
This property leads to well-known identities, In deriving Eq.(9), it was assumed that is located in{}.
o a0 Yet, sinceS, can be moved to any place in the bulk crystal
Ja(Pe” e ) =0, (53 V,, Eq. (9) holds for an arbitrary in V,. Also, S; can be
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moved to any place iv,. The Green function with the out- emphasized that all the quantities appearing in @6) are

going boundary condition can be expanded as present in the embedded Green-function approach without
performing any additional computation. One only has to cal-
G, = g, ¥2(F) 11/12)1,)(;,)1 (10) culate the Green function &t to evaluate the conductance

I' after self-consistency in the charge density is reached. On
R R the other hand, it may be worth noting that with the embed-

forrin Vi andr’ in Vy. Let us denote the complex conju- ding formalism alone, one cannot treat systems with a large
gate ofz,//tl,'(r) by wéf(r), which is a Bloch state propagating bias voltageAV applied between the two bulk crystals on
toward infinity. With this in mind, substituting Eq10) in  both sides of the interface. To be concrete, consider a case
Eqg. (9) and using the identitG(r,r')=G(r’,r), one has where epy =€, + AV with e, being the Fermi energy of

bulk crystalV, and AV>0. Then, in the energy interval

[€r2,€r1], Only the states incident from the interior of the

> . 20, > -
p(r)= 2 igps, ¢, (r), 1 in Vy. (1) bulk crystalV, contribute to the charge and current densities

_ ' _ of the system, whereas the density of states as obtained from
Comparing Eq(11) and Eq.(8) yields Eq. (17) contains also the contribution of the states incident

from the interior ofV,. Hence, one must treat one-electron
wave functions explicitly. One possibility for doing so is Eq.

According to the formulation of Landauer and tBker. (9) Since the asymptotic form of the incident wave function,

the conductancé of ballistic electrons tunneling at a small #3 . is known, one may evaluatg(r) in the interface()
bias voltage through the interfad® can be expressed in from Eq.(9).

terms of the transmission probability of all the Bloch states In the past, a number of papers have been published in
at the Fermi energy as which the the Landauer-Biiker formula Eq.(13) was refor-

mulated in terms of the Green function. Among them

tbvrzigb* oo (12)

1 D , 1 D 5 Baranger and Stone derived a general conductance foftnula
F_ﬂ ‘ [too | T2 4~ [P (13 that can be applied to multiple leads in a strong magnetic
bb b*b . . .
_ . field. For the present system having two leads on both sides
With the use of Eq(5), the above equation may read of the interface and without a magnetic field, their formula
1 reads
F=o—-2 2 g5 0,0 32020 )8, .
)% M,V, - = -> ->
(14) r 4Wf31dX1fSZdX2m[ala26(1,2)
Using Eqgs.(7) and(10), one obtains X G*(1,2)— 3,6(1,2)3,G* (1,2)], (19)
= E d;(ld;(lrf d%,d%,’ G(1,2) whered, denotes an abbreviation éf on S, and it is un-
S ' derstood that the Green function satisfies the outgoing

L o~k oyt At 14 boundary condition. To proceed, we express the normal de-
X3Gs;(2,2)G*(2',1)3Gg (1',1), (19 rivatives of the Green function using the embedding poten-

- tials as
where argument 1 in the Green function stands<oand the

same applies for the other three arguments. With an abbre-

N _ o r~-1 ’ ’
viation G,,=G(X4,X5), Eq.(15) is written more concisely as ﬂlG(l’z)_ZJSldxl Gs, (LI)G(1".2), (199

2
— —lpn* ~~—1 N
I'=7TMG123Gs G2ICs . (16) (726(1,2)=2Jszdxz’Gszl(Z,Z')G(l,Z'), (19b)

which is a main result of the present paper. In the embedding

theory, the Green function satisfying the outgoing boundary -, -,
condition is calculated by adding the matrix elements of the 51526(1'2):4L dxy dexz
embedding potentlalsf,;S and GSz , to the Hamiltonian of !

the isolated slab reglonQ The imaginary part of such a XGs(1,1)Gg(2,2)G(1',2'). (199
Green function is related to the density of states of the sys-

tem by By substituting Eq(19) in Eqg. (18) and noting that the ar-

guments in the Green functions and the embedding potentials
. 2 .. are permutable, one can show easily that @) coincides
n(rie)=—_3G(r.r;e). (170 with Eq. (16). Baranger and Stone themselves gave a proof
that Eq.(18) is equivalent to the Landauer-Biker formula.
Equation(16) adds a new field of application to the embed- Their derivation is similar but different from ours leading to
ding method of Inglesfield beyond self-consistent electronicE£qg. (16) in two points. First, they considered only propagat-
structure calculations of surfaces and interfaces. It should biag Bloch states in asymptotic regions, whereas we also took
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account of the evanescent waves in bulk regions. Second, Wehere z, <z' <z, andx=(x,y) are the planar coordinates.

derived Eq.(9) using a Green’s theorem, while they used|n the limit of z,—z;—0, the first term of the left-hand side
another equation that holds for a wave function of a scattereg Eq. (20) may be replaced by, G()Z 2, %! 2,), while the
. 2 1 L 1 L

state. - o
Two more comments are in ordgi) The formulas Egs. second term by, G(x,z;,x",2;). Then, expressing the nor-
(16) and (18) require the evaluation of the Green functions mal derivatives of the Green function in terms of the embed-

on boundary surfacess; andS,. It was previously shown ding potentials yields

for a one-dimensional mod€lthat the Green function cal-
culated with the embedding method is more accurate on
boundary surfaces than that obtained by solving the Dyson
equation cast in matrix form using basis functions, since the
embedding method explicitly takes account of the outgoing
boundary condition of the Green functia(i.) Even with the
embedding method, it would be extremely difficult to nu-
merically compute the derivatives of the Green function on
boundary surfaces, since typically, the Green function is eXEurthermore, in the limit ofz,— 2,0, G()Z”,zz,i’,zl) in

panded with a finite number of plane-wave basislike funC+yq first term of the left-hand side of E1) becomes iden-
tions in actual implementations of the embedding approach. | with G(X" 2 X Th Eq.(21 ds i i
In such an expansion, the numerical derivative converge ocrarln V;”S (x".z1,x",2,). Thus, Eq.(21) reads in matrix

much slower that the function itself and oscillations in the
current density might occur, which violate current conserva-
tion. With Eq. (16) one can avoid these problems since no
numerical derivative of the Green function has to be calcus . .
lated. The embedding potential in EG.6) is a property of By combining Eqs(16) and(22), we now obtain

the bulk crystal and should be calculated separately prior to

the embedding calculation. We have recently developed a F=—Tr{[Ggl+ ngl]*lj(;gl[(;ghr Ggl]**ljegl},

1 2 1 2 1

[ avesiane 2 2

+ | aRGg RG24 25) = 8.
S

(21)

[Gs'+Gs, 1G1=1. (22)

very accurate method to calculate the embedding potential ™
from the complex electronic band structure of a bulk (23

18 . . .
crystal. As expected, the conductance for ballistic transport in this

. Befo're closing this section,.we would like to stress anjjmit can be expressed only in terms of the embedding po-
interesting aspect of our formalism. Even though we referredentials of the two bulk crystals on both sides of the bound-
to the volumesV, and V, attached to regio) as semi-  ary surface. It may be obvious from the above derivation that
infinite bulk regions so far, this is not a necessary condltlonEq_ (23) holds also for any curvy boundary surface. As the
in fact the potential in these regions only has to be that of &implest example, let us consider a one-dimensional step po-
periodic bulk crystal far away from the embedding surfacesigntial wherev(z)=0 in V; (z<0) andv(z)=vy in V, (2

If the potential differs from the bulk potential near the em- >0). First, we choose the boundary surface for the embed-
bedding surface, Eq(16) can still be applied. The only ging potentials ag=0. Then, for an electron with energy

change in the derivation of the equation would be the naming>v >0), Gsl=ik,/2 and G5l=ik,/2 where ky=12e
of the states. One would no longer speak of Bloch and eva- 0 B i =2
nescent waves of the bulk but instead of states which carry 8dKz2= v2(e—vo) EQq. (23) reproduces a result of elemen-

current(do not carry a curreiiand are obtained from Bloch tary quantum mechanics for the transmission probability T,

states(evanescent stateby integrating those from the bulk

towards the embedding plane, respectively. Thus, by shrink- T 4kiky (24

ing region() and with new boundaries, E¢L6) can still be (Ky+Kky)2

applied on these boundaries by transferring the embedding

potentials to the new embedding surfaces using the embeds discussed above, the boundary surface between the two

ding method itself>?*A particularly simplified limit of this  half-spaces do not need to be located at the boundary of the

procedure is reached, whe® and S, coincide with each two bulk regions. If it is shifted ta= —d as measured from

other. the potential stepGgll remains the same, whereas the em-
For simplicity, we consideB; and S, to be planar inter-  pedding potential for the right half-space now becomes

faces with thez axis pointing normal to both the planes,

andS, are chosen a&=z; andz=z,, respectively, where we ik, kycogk,d)—ik;sin(k,d)

take the limit ofz,—z,—0 in the very end. Integrating Eq. Gs,'= 2 kcoak,d)—ik,sink,d)’ (25
(1) along the surface normal direction leads to the cusp con- ! ! 2 !
dition, We emphasize that in this case the space to the rigl®; of

(=8Sy), i.e.,z>—d cannot be regarded as a bulk region any
more because of the potential stezat0. In spite of this, by
lim — lim ]4,G(x,z,x",z")=28(x—x'), (20) inserting Eq.(25) in Eq. (23), one obtains fol" exactly the
z—7'+0 z-7' -0 same expressiof24).
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Ill. RESULTS 1

In this section we present a first application of Ef) to
a realistic system. To check the accuracy and to allow a 0.8
comparison with previous calculations we have chosen theg
Cu/Co/Cy001) sandwich structure that is a model system in

1C1€]

magnetoelectronics and intensively investigated befté® 5 %6
We implemented the embedding formalism within the 2
framework of the FLAPW method. Like in standard FLAPW & 04k

electronic-structure calculations we introduce a finite basi
set of functions with a different representation within muffin-
tin (MT) spheres around the atoms and the remaining inter- 0.2
stitial region,

Reﬁ)ec

T N Cl====-. ool
1 | e®raxFez reint 10 0

bk g(N="=1 mT = N (26) Energy (E-Ep) [eV]
19 JA b 51, r e MT,
FIG. 2. Spin-resolved reflection coefficient for a ferromagnetic

whereA denotes a normalization area. Our systems possessGu/5 ML Co/Cy001) layer for IZ”=0. The zero of energy was cho-
two-dimensional(2D) translational symmetry and thus the sen to be the Fermi level. Note that the resonance peaks actually
problem can be solved independently for each 2D wave vedgeach a value of one as shown in the inset. The difference between

tor k; from the 2D Brillouin zone. The 2D vectorg| are WO €nergy grid points was 5.5 mefinset: 0.08 me.
reciprocal-lattice vectors according to the 2D translational _ _
symmetry of the problem and the third componayt the same lattice constana6.76 a.u.), the same atomic
—2.n/d (N=—Nya - - - Ny in the direction perpen- arrangement assuming a constant interlayer spacihg (

dicular to the plane imposes a periodiclyslightly larger =3.38 a.u.) throughout the system and also the local spin-
than the distance betweé&) andS,. At this point an addi- density  approximation to the exchange-correlation

. ) } . . potential®! (ii) In a second step we used the potential of the
tlona! problem should be mentioned: While the L’A‘P\/\/'bas'Scentral Cu layer to calculate the complex band structure and
functions are known to be very well adopted to expand th

Hamiltoni the diff A tai f the basis f &he embedding potential of bulk Cu using olirmatrix
amiltonian, the difierent representation ot the basis TUNCia,q s Ag the potential converges rapidly towards the

tions |gtr(zduc;es| a significant Iproblem Ln gé? case fOf closel ulk values, the results in this calculation are in good agree-
spaced atomic 1ayers as no planar embedding surface can nt to the results for semi-infinite bulk Cgii) Finally, we

constructed without cutting muffin-tin spheres. The use of g up a slab of 9 ML thickness containing 5 ML of Co in the
curvgd .surface or of an embeddmg surface cutting throug'aenter and two Cu layers on both sides. The embedding po-
muffin tins would make the act_ual |.mplement.at|on VEry CUM-antial for bulk Cu was added on both sides to calculate
bgrspm_e gnd prone to numengql Inaccuracies. To 0\./emom&/entually the spin-dependent Green function of 5 ML of Co
this limitation we introduce additional volumes to obtain pla- ., | yviched between two semi-infinite Cu crystals. As the
ggrzirr;%ecli&lng Zurfa}lcéﬁ ar;]dsz, aT was proposz(ajd r']n If?efs. otential obtained from the bulk supercell calculation was
,24,29. More detalls on the resulting setup and the form of,qe 4 i, this last calculation the potential exhibits no artificial
the basis functions can be found in Ref. 18. Using the "?‘dd'aiscontinuities. The two ML of Cu included in this setup
tional volumes the embedding surfaces cut through the intefs,g 1o 5 realistic treatment of the Co-Cu interface as the

stitial region only. : . ;
. . . . potential varies smoothly over the interface. We checked the
Using the LAPW-basis functions E¢L) tums into a ma- convergence of the result by varying the number of wave

trix equation and the Green-function matrix is obtained by & ectors perpendicular to the embedding plane freif0 to
matrix inversion. While this matrix is expanded into the full __, o leading to a variation in the total number of LAPW-

three-dimensional set of basis functions one should note that_ _. -
the Gy, as defined for Eq(16) are given only on the 2D Pasis function from~ 1400 to 3800, and found our results

. to be very well stable and well converged under those varia-
surfaces and thus can be expanded into a much smaller set@f o y 9
2D plane waves with wave vectokg+g;. Thus the appli- In general our formalism allows us to calculate the con-

cz_ition of Eq.(16) requires the multiplication of four 2D ma- ductancel“(lZH €) for each energy and each vectdEH from
t”fels where the embedding matrices are calculated S€Pfe the 2D Brillouin zone for arbitrary numbers of incoming
ratety. Bloch waves. However, if at most a single incoming Bloch

The calculation was performgd n threg .SIG@)SF'rSt We state propagates toward the interface the reflection coeffi-
performed a supercell calculation containing 5 monolayers .

(ML) of Cu and 5 ML of Co to obtain the spin-dependentc'em|r(|zll ;€)| for this state and the conductance we obtain
potential used in the further steps. These were standard spiff°™ Ed. (16) are related by

polarized FLAPW calculations done with tireEUR code®® R _
To enable a comparison of our results with those obtained r(kj;e)|=v1=2aT(kj;e). (27
from previous KKR-Green-function calculatioig®we used Figure 2 depicts the spin-resolved reflection coefficients
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for Cu electrons scattered by 5 ML of ferromagnetic Co de-grid points, confirms that this behavior is reproduced very
termined by this equation. The dashed line corresponds to theccurately in the present calculation. The deviation from to-
majority spin channel while results for the minority spin aretal transmission or reflection at the peak positions is less than
shown by the squares connected by solid lines. Only states0 2. This is different from the KKR results. They are ob-
with normal incidence K;=0), i.e., states from thE point  tained by carrying out calculations on the complex energy
of the 2D Brillouin zone have been considered. In the maPlane. This introduces a computational broadening of the
jority spin channel the reflectivity of the Co layers is low and resonances and simultaneously a reduction of the peak height
varies Smooth|y over a wide energy range. This is eas")from the ideal value. Instead, we work with real energies
understood from the bulk band structures of Cu and®Co Where the broadening of the peaks can be avoided.

which both show a single band of mos#yharacter and the

same 2D symmetry around the Fermi energy. For the minor- IV. SUMMARY

ity spin, however, we find a strong energy dependence of the
reflection coefficient. The nearly perfect reflectivity below
—0.7 eV is due to the absence of Co states with the sa

Based on the embedding approach of Inglesfield we de-
veloped an efficient method enabling us to treat ballistic
mﬁansport of electrons on ab initio level. By rewriting the

OStI_andauer-E%'ttiker formula in terms of the Green function of

pronounced features in Fig. 2, however, are the sharp peal - : : - :
at around—0.28 eV and 0.15 eV These are due to Fanolfﬁe interface region and the embedding potentials we arrive

X : i . at an equation that is easily applied within an embedding
L(aisorzlag;rfse";thgecfgll%ﬁhn;ogzpi?tz?%a|glbs(§:jgs§g|)?3Of calculation. As a first example the formalism was applied to

) . ) .__the transmission of Cu electrons through a thin Co layer, an
Concerning the key issue of the calculation, the comparison) 9 y

our results are in good overall agreement with those previ
ously obtainetf?® for the same Cu/Co/Cu setup using the
KKR method. A stringent test of the quality of our results is
the verification of the reflectivity behavior at these reso-
nances, which varies strongly from zero, i.e., total transmis-
sion, to exactly one, i.e., total reflection. The inset of Fig. 2,
which shows only a small energy interval around the peak D.W. thanks the DAAD and the HGF-Strategiefonds
lower in energy but resolved with a high density of energy“Magnetoelectronics” for financial support.

applications of the theory could include more complex sys-
tems in which also a self-consistent charge density calculated
by the embedding method is used.
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