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Quantum-well theory of the exchange coupling in magnetic multilayers
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Two parallel calculations of the exchange coupling in a Co/C(0C9 trilayer, both using the same realistic
s, p, andd tight-binding bands with parameters determined fromahenitio band structures of bulk Cu and
Co, are reported. The coupling is first calculated within the framework of the quantunt@) formalism
in which the periodic behavior of the spectral density is exploited to derive an analytic formula for the coupling
valid for large spacer thicknesses. On the other hand, an alternative expression for the coupling, referred to as
cleavage formula, is derived that allows accurate and efficient numerical evaluation of the coupling. An
analytic approximation to this expression, valid in the asymptotic region of large spacer thickness, is also
obtained. These two approaches are discussed in relation to other existing theoretical formulations of the
coupling. The numerical results for the coupling obtained from the cleavage formula are first compared with
the analytical QW calculation. The agreement between the two calculations is impressive and entirely justifies
the analytical QW approach. The numerical calculation fully confirms the result of the QW formalism that, for
trilayers with thick Co layers, the short-period oscillation due to the minority electrons from the vicinity of the
Cu Fermi-surfacéFS) necks is dominant, the contribution of the long-period oscillation being negligible. This
is shown, in the analytical QW formalism, to be due to the existence of bound states for the minority-spin
electrons at the Cu FS necks in the ferromagnetic configuration. The dominant short-period oscillation has been
confirmed by spin-polarized scanning electron microscopy and observed directly in the most recent photoemis-
sion experiments. The full confinement of the minority electrons at the neck of the Cu FS also leads to a strong
temperature dependence of the short-period oscillation and an initial decay of the coupling with spacer thick-
nessN that is much slower than predicted by the usu&l?llaw. For the electrons at the belly of the Cu FS,
the confinement is weak in both spin channels and the long-period oscillation hardly changes between zero and
room temperatures. In addition, the belly contribution to the coupling decrea$es®akK following the usual
1/N? dependence. The amplitude of the calculated couptiig?2 mJ/n? at the first antiferromagnetic peak of
Cu is only a factor of 3 larger than the observed coupling strength. Finally, the coupling for 2 ML of Co
embedded in Cu has also been evaluated from the cleavage formula. A large initial coupling $8ehgth/
m?) and comparable contributions from the short- and long-oscillation periods are obtained. This is in com-
plete agreement with theoretical results reported by other gr¢80463-18207)04138-9

I. INTRODUCTION posed by Edwards and Mattbisee also Refs. 537An
alternative interpretation of the quantum-well theory in terms
Since the discovery of oscillatory exchange coupliagd ~ of reflection coefficients at the interfaéésis also widely
the related giant magnetoresistance effengtallic magnetic used. There is now no doubt about the validity of the
multilayers have been studied extensivélyr a review, see quantum-well picture since the quantum-well states pre-
Ref. 3. In particular, a large number of theoretical ap-dicted in Ref. 4 have been observed in photoemission
proaches have been developed to calculate the oscilIatonegmperimenté.o‘12 However, to achieve a unification between
exchange coupling. They can be broadly divided into twothe analytical and numerical approaches, the quantum-well
categories: numerical total-energy calculations and calculaheory needs to be implemented for a fully realistic band
tions based on analytical asymptotic expansions. In the passfructure and shown to be as accur@tethe asymptotic limit
these two types of theory have coexisted but no meaningfudf a thick spaceras fully numerical calculations.
guantitative comparison between them was possible because In this paper, we report the results of two parallel calcu-
the analytical theories were originally developed only forlations of the exchange coupling in a Co/Cu(Q@) trilayer.
simplified model band structures. This situation is highly un-One is based on the analytical quantum-well théofyand
satisfactory since our physical understanding of the oscillathe other is fully numerical. Both calculations were made
tory exchange coupling is based entirely on the theories ofising the same realistg;p,d tight-binding bands fitted tab
the latter type, in particular, on the quantum-well theory pro-initio band structures of bulk Cu and ferromagnetic fcc Co,
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which means that they are directly comparable. The resultthe interfacial region would be required to determine the cor-
of such a comparison were briefly reported in Ref. 13. Theect local tight-binding on-site potentials and hopping param-
main motivation for writing a long paper is to provide a eters. Alternatively(and preferably, the SPA could be ap-
comprehensive description of both our calculations and to sqilied directly to, say, the LMTO tight-binding method with
clearly the analytical quantum-well theory in the context of self-consistent treatment of the interface included. However,
the ab initio calculations. We shall also present additionalin the case of Co/Cu considered here, the LMTO calculations
numerical results for a Co/Cu/Qa01) trilayer based on a for a Co/Cu interfac® show that it is an excellent approxi-
method for calculating the local one-electron Green’smation to use bulk Co and Cu potentials right up to the
functions® that enables us to determine the coupling for con-interface and this is, indeed, the approximation that is made
tinuous spacer layer thicknesses. in the calculations of the coupling for Co/Cu based on this
Since the precise relationship between the quantum-wethethod!®?? We have, therefore, adopted the same approxi-
theory based on the stationary-phase approximai&PA) mation here.
method and theab initio calculations has been matter of  The plan of the paper is as follows. In Sec. Il we show
some controversy, we first address this issue. In the firsthow the quantum-well SPA calculation is implemented for a
principles  spin-density-functional calculations, the self-co/cu/Cg001) trilayer using realistics, p, and d tight-
consistency in each atomic plane is achieved separately ifinding bands fitted to aab initio band structure of bulk Cu
the ferromagneti¢FM) and antiferromagnetiéAF) configu- g ferromagnetic fcc Co. In this calculation, the SPA

rations of the magnetic laye(see, .9., Refs. 16 and 17 and y,e4h0q is applied directly to the spectral density that deter-
some of the calculations in Ref. 18However, such calcula- mines the thermodynamic potential of the trilayer

ggnmse %rg_%glyatfaiséb:)ela:gsrglnag'\:ﬁg itshI(;]ftZﬁarfc?tre:ﬁgigsh ?fr For the numerical calculation, we use an expression for
the periods, amplitudes and phases of the coupling to t())tehe coupling referred to as a cleavage formula.' Its derivation
determined ’reliably. The Co/Cu/Q0)) trilayer is a prime IS presepted in Sec. lll. The gleavage formula is obtained by
example. It is apparent already from the numerical results O||ntrodu0|r_19 the Green's-function C'%?"age plane for_ma%f*sm
Drchalet al!® that one needs to go to a very large number of°| the spin-currenttorque appr_oacﬁ in the ;‘ormulatlon of
atomic planes of Cu to obtain reliable fits for this system. wedAlbuguerque e Castro, Ferreira, and MufifZhe resultant
show that this problem arises because the expecte@eavﬁge formula for the coupling |§ge_quwal_ent to that devel-
asymptotic decay of the coupling, assumed in all numericaPPed independently by Drchait al™ in their LMTO ap-

fits, is not obeyed in Co/Cu at zero temperature even for Cproach and has already been used without derivation in Refs.

thicknesses as large as 50 atomic planes. We also show tha8,14, and 28.

at room temperaturérelevant to experiment there is no The cleavage formula is evaluated using a new analytic
range of Cu thicknesses in which the coupling amplitude caexpression for slab one-electron Green’s functions derived
be approximated by a dependernc#/N?. recently by Umerskt® The results of this fully numerical

Because of these problems, the approach almost univecalculations are described in Sec. IV and compared with the
sally adopted noW~2?is to use atomic potentials that are results of the SPA of Sec. Il and also with the results of the
independent of the magnetic configuration and to calculatSPA performed on the cleavage formula for the coupling.
the total-energy difference by comparing sums of onefinally, in Sec. V we present our conclusions.
electron energies, thus making the approximation known as
the “force theorem.” Once this approximation is made, the
SPA method is applicable and must reproduce correctly the;, sTATIONARY PHASE APPROXIMATION FORMULA
resfuIFs of all such calculations in the Ii_mit of a thick spacer. FOR THE EXCHANGE COUPLING
T_hls is becausg the SPA method provides merely a prescrip- IN A Co/Cu/Co(001) TRILAYER
tion for evaluating the energy ardspace sums of the one-
electron energies analytically. It will be shown in Sec. Il that  We consideN (001) planes of Cu with the bulk lattice
the implementation of the SPA theory relies only on the factconstant sandwiched between two semi-infinite slabs of fer-
that the one-electron Green'’s function is a periodic or quasiromagnetic fcc Co. A small lattice mismatch between Co and
periodic function of the spacer thickné$s>#3This feature  Cu is neglected. Following our original approachwe as-
is common to the tight-binding method we use, linear-sume that the local potentials in the Cu and Co layers are
muffin-tin-orbital (LMTO) tight binding® and layer frozen, i.e., they do not change in going from the AF to the
Korringa-Kohn-Rostoker method$,since they are all for- FM configuration of the trilayer. As discussed in the Intro-
mulated in terms of local one-electron Green’s functions. ltduction, this is equivalent to the force theorem. It follows
is, therefore, immaterial which one of these methods onehat the exchange coupling per surface atom is given in terms

chooses as long as the one-electron energies of the multilayef the thermodynamic potentiald? for electrons of spinr
are correctly reproduced. by

The only remaining issue is the question of a correct treat-
ment of interfaces. Far from the interface, one can, of course,
use the potentials for bulk metals. Near the interface, the  J(N)=[Q"(N)+ Q' (N)]em—[QT(N) + Q' (N)Jae. (1)
potentials may deviate from their bulk values. However, it is
clear from the above discussion that this effect can be in-
cluded in the SPA method based on our empirical tight-The thermodynamic potential per surface atom for a given
binding approach but a preliminagb initio calculation in  magnetic configuration at temperaturds given by
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kgT +o i i i "
Qo= 12 In{1+exqf (1 —E)/kgT]} cients of the normalized spectral densityNJA D(E, k| ,N),

N J-= and rr/kl(E,lZH) is its period. It is shown in Ref. 15 that
e kl(E,IZH) is the wave vector perpendicular to tt@91) plane
XD(E,kj.N)dE, @ obtained by solving the bulk Cu dispersi@n- E(K| k. ).

whereN; is the number of atoms in any atomic plane parallel Expressior(4) for the coupling is ”0"%%'” a form to which
to the layer structurey is the chemical potential, art” is e SPA method can be readily appltiFor largeN and
the spectral density for particles of spin in the trilayer 2 fixed energyE, the Imaginary exponential in qu‘l)
having that configuration. Because of the in-plane translaoscillates rapidly as a function ¢ and nonzero contribu-
tional invariance, we label all the trilayer states by the plandions to thek integral come only from the neighborhood of

indexi and by the wave vectd?” parallel to the layers. The points lzﬁ) in k; space at WhinkL(E,IZH) is stationary. The

spectral densityD” is given by perpendicular wave vectdq(E,IZH) in the argument of the
1 exponential is expanded in a Taylor series atﬁ‘{mp to
D‘T(E,E‘| N)=——Im Tr >, G;i’(E,EH N), (3)  second order iﬂZH and all the other factors depending ﬁp
™ i

are approximated by their values at the extremal pﬁﬁ’nt

whereG{ is the diagonal matrix element of the tight-binding The remaining integrals ik space can be reduced to Gauss-
one-electron Green’s function, the trace is over all atomidan integrals and evaluated analytically. The procedure is
orbitals, and the sum ovéris over all atomic planes in the Standard,the only new feature is the presence of the phase
trilayer. In this section, we restrict the sum ovieto the s in the argument of the exponential function in E4). In
atomic planes in the Cu spacer layer. The advantage of usirgfn€ral,¥s is nonzero. We can either tregk along with
the spectral density in the Cu spacer only is that it allows aAcs(E,K))| as a slowly varying function ok and approxi-
transparent physical interpretation of the coupling in terms offateys by its value at the stationary point or we can expand
the band structures of bulk Cu and Co. Moreover, the cous in a Taylor series and include its dependencepim the
pling can also be easily linked to photoemissionGaussian integrals. In the latter case, we would obtain a cor-
experiments®~*2 The numerical calculation of Sec. IV will rection to the phase of the exchange coupknyN that is
allow us to assess the accuracy of this approximation. ~ negligible in the asymptotic limit of largh. We shall, there-
The problem now reduces to the calculation of the specfore, approximateys in the evaluation of thés integral by

tral density and evaluation of the difficu; and energy its value at the stationary point.
sums. We showed for a single-orbital model with complete _The energy integral in Ed4) can also be evaluated ana-

confinement that both tHé‘ and energy sums can be evalu- Iyt|c.ally for large N. W.e rgcalf thflt’. having made. the
ated analytically using the stationary-phase approximation Stationary-phase approximation in theintegral, we are left
We need to generalize the method to a C@f0Q) trilayer. ~ With an imaginary exponentia?[sNk 4Ek)*vsE kD] in the
The generalization is based on the hypotHetiat, for large ~ energy integral. For largd the exponential oscillates rapidly
N, the normalized spectral density (\n)/AD(E,IZ” N) as a funqtion oE. This resm_JIts in cancellations and the onI_y
— (UNY{[D'+ D' 1eu—[D' +D'1ae} is a periodic function _contantpn to the energyllntegral th.us comes from energies
of N. For periods incommensurate with the lattice, which isin the vicinity of the chemical potentigl at which the inte-
generally the case, the concept of a periodic function needd'@l terminates abruptfy Formally, one expands the argu-
to be clarified. Although the physical spectral density is de-Ment of the exponential up to first orderhand the result-
fined and can be computed only for integral numbgref ~ @nt integral is evaluated in the complex planagain we
Cu atomic planes, we can consider formally its continuatior'ave two options in dealing with the energy dependence of
to all real values oN. The continuation is a function that the phase. Either we approximafg(E kf) by its value at
coincides with the physical spectral density when restrictede = 4, or expand it about. together witrkL(E,Eﬁ’)_ It is now
to integersN. We shall say that the physical normalized prudent to adopt the second option because an energy depen-
spectral density is periodic iN provided its continuation is dence ofi leads no longer to a mere phase shift but may
a periodic function. We show explicitly how to construct the alter the decay of the coupling with as well as its tempera-
continuation of the normalized spectral density for Co/ture dependenc®. Treating the energy dependence of the
Cu(001) and demonstrate that it is a periodic function. phases on the same footing as the energy dependence of
Assuming that the normalized spectral density is periodig, ,° it is straightforward to derive the following asymptotic
in N (for largeN), we can expand it in a Fourier series. A formula for the exchange couplint(N):
rigorous proof of the periodicity ilN is provided in Ref. 15.

The exchange coupling then takes the form Z 7 |Acge¥(sNkdtis)
J=Re>, > —
. Q0 s=1 2s K, I
kTN too [ 2 SNd—E+—E
IN)=-— Re>, > f In{1+exd (u—E)/kgT]} JE 9
Ios=1 kg J== -
o 2k, %k, |
X |Acy(E, ky)[e?(SNLaTVdE, 4 KeTd — 5 — %
K2 k2 :
. X
where d is the interplanar distance|Acg(E,k))| and oH 2k T] SN akLJr‘ws ' ®)
2¢//S(E,IZ||) are the modulus and phase of the Fourier coeffi- sinf emke | SRAZE T 3E
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Wherekx ,ky are the Components &ﬂ in an Orthogona| sys- by one from left to rlght and the surface Green function was

tem of axes chosen to diagonalize the Taylor expansion dggdated frogm the Dyson equation after each deposition. If

the argument of the exponential in E¢). The sum ovet?ﬁ’ Yold a,nd Ynew denotez respectively, the 1818 SL_lr_face
Green’s function matrices before and after deposition of a

covers all the stationary points & , 7=i when both sec- single principal layer, then the basic recursion step is
ond derivatives in Eg4) are positive;y= —i when they are gep patlayer, P

negative, and= 1 when the derivatives have opposite signs. 0 1-1_14% 1-1_+TE\nT t Kk
The perpendicular wave vectkr , Fourier coefficienta c,, [Gnew] "=[Gisal ~~t'(K))Garst (k) ©
and all the derivatives in Ed5) are evaluated d&=u and  wheregy, is the Green's function for an isolated principal
at the stationary poink”=kﬁ). It should be noted that, for layer of Cu,t(IZ”) is the hopping matrix between two neigh-
dis/IE=0, Eq. (5) reduces exactly to the asymptotic for- poring principal layers, and we suppress for brefitandk
mula for the coupling derived in Ref. 7. _ in the arguments of the Green’s functions. The method of
We begin the evaluation of E¢5) for Co/CU00D) with  adlayers yields with machine accuracy the Green’s function
the factors that depend only on the bulk Cu Fermi surfacenatrix g7(j) in the surface principal layer of the left over-
(FS (the difference betweep and E is negligible in the |5uer of j principal layers of Cu on semi-infinite Co. Simi-
relevant range of temperatuje$hey are the oscillation pe- larly, we obtained the surface Green’s functigf(N/2— )
riods, curvatures of the Cu FS, and “inverse FS velocities”for the right overlayer olN/2— | principal layers of Cu on
dk, /9E. The oscillation P?riOdST/kS were obtained from  goni infinite Co(if the numberN of Cu atomic planes is
the Cu FS extremal radii in thE001] dlrcict|on. There are odd, we first deposit a single atomic plane of Cu and then
two extremal radiik? and they occur fokP=(0,0) (belly)  proceed with principal layeys Finally, we completed the
andkj'a=(*+2.53+2.53) (necks wherea=3.6 A isthe lat- trilayer by switching on the hopping(k)) between the left
tice constant of Cu. The corresponding periods gfte 5.7  and right overlayers. The exact Green'’s function in the prin-
atomic planes € 10.3 &) andp"=2.6 atomic planes{4.7  cipal layer j next to the joint obtained from Dyson’s
A), respectively. The factor=i for the belly andr=1 for  equatiori? is given by
the necks. The Cu FS curvaturd§s®k, /ok2) (oK, / ) A
dk?)|~Y2 and inverse FS velocitiezk, /JE at the belly and [G()] *=[g7(N2—= )] =t (kpaZ(t(kp, (7)
neck extrema were determined using a tight-bindin
parametrizatiof? of the first-principles band structure of
bulk Cu. Their values for the belly are|(d%k, /
IkF)(9%k, 19k3)|~Y¥?=0.393 (A)yt, ok, /9E=—1.583
(Ry A)~'. The corresponding values for the necks ar

Yvhere we use the convention that capital letters denote
Green’s functions of the connected system and lower-case
letters those of the cleaved system. The matrix elements of
the Green’s function in every atomic plane of Cu were de-

A P T 1 €ermined by this method and the spectral density was calcu-
(%K, 1k5) (9 lfllmky” =0298 (A)Y, ok, 19E lated from Eq(3). The only input in the adlayer procedure is
=2.057 (RY A) o ] ) ) the surface Green’s function for semi-infinite Co that was

The last ingredient in Ed5) is the Fourier analysis of the  jetermined by the decimation method of Ref. 33.
normalized spectral density (YAD(E,kj,N). We first With the normalized spectral densities computed for inte-
computed the spectral densities for both spin orientations igerN we can address the question of their continuation from
the FM and AF configurations for discretghysica) values  discrete Cu thicknest =Nd to all real values ofL. We

of the Cu thicknes& =Nd. The required Green'’s functions require for the Fourier analysis the knowledge of the spectral

were calculated within the tight-binding model wilp, and  density for all values of the “continuous Cu thickness’in

d orbitals, and hopping to first- and second-nearest neighthe interval  w/2k, ,m/2k, ), wherek, is either the belly
bors. The tight-binding parameters for all Cu planes wereor neck FS radius. We first generated the spectral densities

determined from the best fit to the first-principles bandfor trilayers with the number of Cu atomic plandsranging

structuré® of bulk Cu. The parameters for fcc ferromagnetic up to 600. The spectral densities normalized\tevere then

Co were obtained starting from paramagriético and ad- ~ shifted to the first period € /2k, ,/2k,) by subtracting

justing self-consistently the on-site energies to get the bestom N the appropriate integral number of periogisk, . If

agreement with the first-principles band structfiref fcc  all the shifted points condense, as we anticipate, on a con-
ferromagnetic Co. At the Co/Cu interface, the Cu hoppingtinuous curve then this test demonstrates that the normalized
parameters were used and the reason for this choice is digpectral density is asymptotically a periodic function of the
cussed in Sec. IV. Using these values of the tight-bindingontinuous Cu thickneds with a period=/k, . At the same
parameters, we constructed theXIB3 Hamiltonian matrix time, the shifting algorithm provides us with a dense set of

H(k)) of a principal layet* consisting of two(001) atomic  points in the interval {7/2k, ,7/2k, ), which can be Fou-

planes of CuCo). The Cu and Co principal layers are intro- rier analyzed with any required accuracy. An alternative

duced because the Hamiltonian of a Co/Cu trilayer with arimethod of calculating the spectral density as a continuous
bitrary numbers of Cu and Co planes can be obtained bfunction of the layer thickness, which has been developed by

stacking the appropriate sequence of principal layers wittJmerskil® is discussed briefly in Sec. IIl.

hopping only between the neighboring principal layers. Us- One of the main advantages of the stationary-phase

ing the method of adlayeré,we first determined recursively method discussed here is that it permits an explicit separation

the local Green’s function in the surface layer of a stack ofof the contributions to the exchange coupling arising from

Cu principal layers deposited on a semi-infinite stack of Cadifferent extrema of the Cu Fermi surface. This is the only

principal layers. Principal layers of Cu were deposited onemethod available up to now in which the contributions from
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FIG. 1. (a) Computed normalized spectral density at the Fermi  FIG. 3. (8 Computed normalized spectral density at the Fermi

energy andZH=O (belly) for the majority electrons in the FM con- €Nergy andZH_=0 (b_eIIy) for electro_ns of either spin ori_entation in
figuration. (b) Normalized spectral density for the majority-spin the AF configuration.(b) Normalized spectral density for the
electrons in the FM configuration shifted to the first period majority/minority electrons in the AF configuration shifted to the
(—mi2k, ,mi2k,). first period (— m/2k, ,7/2k,).

the neck and belly extrema can be separated rigorously. WRE!lY is_clearly far too weak to account for the total

start with the long-period component that originates from thepbserved’ coupling strength of about 0.4 mJfmit is also
bely extremum. The raw spectral  densities clear from Fig. 5 that the belly contribution to the coupling

- - hardly changes from zero to room temperature. This is be-
giéﬂ?a?oi;g _sgg\\lx\)/nci?] mlfi;tse((;)fozr(glealr:]g/l :i‘igdtogztﬁgr- cause the temperature dependence in this case is determined

: . . el entirely by the inverse Fermi surface velocily, /JE. The
with the data shifted to the first perid#igs. 1b), 2(b), and contribution of the termyy, /JE is negligible.

3(b)]. As anticipated, all three normalized spectral densities We now turn to the short-period neck contribution, which

are strictly periodic with the same p_er|qu=5.7 atomiC i much more interesting. Examination of all three compo-

planes and their oscillations as a function of the Cu thlcknesrs]en,[S of the shifted spectral density shown in Fig. 6 reveals

reflect the passage across the .Ferm| surface of resonant .e'?ﬁét carriers of both spin orientations in the AF configuration

gon stdates Cpartlally colnflned in the Cu ilab hbfy tdhe Spm;f:ig &a)], and also the majority spin carriers in the FM
ependent Co potentials. By comparing the shifted spectr " . : ;

densities for different values of the energy, we checked tha(fonﬂgurann[Flg. 6b)], are only weakly confinedbroad

. . resonances However, the minority spin carriers become
the energy dependence of the phasgeis negligibly weak ' . . . .
(34 19E=0.3 Ry for the fundamental oscillatios=1). completely confined in a quantum well in the FM configura

: : tion. As far as we can determine numerically, their spectral

The ampl!tude of ee_lch component of the norma_llzed SIOec'ensity is a periodic sequence éffunctions which, when
tral density is determined by the degree of confinement o hifted to the first period, has the form shown in Figc)6
electron states in Cu, which can be judged from the offsets The peak in Fig. &) haé nonzero width because a small
the bulk Cu and Co bands along theX line (kj=0) shown  imaginary part is added to the energy in the decimation
in Fig. 4. The relevantsp-like band intersecting the Cu method] To explain the physical origin of the complete con-
Fermi level matches quite well the corresponding majorityfinement we reproduce in Fig. 7 the band structures of bulk
and minority bands in Co, which results in a weak magneticcy and Co in the relevafio01] direction for one of the neck
contrast. The c_orr_espondlng co_uplmg amplltu_de is, thereforg,vave vectorsﬁﬁ‘az (2.53,2.53). Thesp-like Cu band that
very smgll. This is |Ilgstr§ted in Fig. 5, Wh'Ch shows the intersects the Fermi level in Cu, and hence determines the
long-period belly cqntrlputlon to the coupling obtained from coupling, has no counterpart for the minority spin in Co
Eq. (5) at room (solid cwclgs) :_;md zgro(square}; temp(_ara- since it falls into a hybridization gap. The minority-spin car-
tures. The_ left-hand scale in Fig. S gives the coupllng in rnRyriers must, therefore, be fully confined in Cu in the FM con-
per atom in th€001) surface. The right-hand scale gives thefiguration ' on the ,other hand, there is aplike Co

conversion to the unitémJ/m?) commonly used by experi- L . . . ; ) .
mentalists. The contribution to the coupling from the Cu Fsmajorlty spin band intersecting the Fermi level into which

Co (majority) Cu Co (minority)

S 095 0.95 0.8
1y /]
= /]
5 0.6} A D T #- —-| E¢
3090 0.90 ;
S o4l %
—~ 5
Sossb @ oasl o . wozy
~ 77500 525 550 575 600  -3-2-10 1 2 3

N (at. planes) L oo}
FIG. 2. () Computed normalized spectral density at the Fermi 020 o5 10 00 05 10 00 05 10

k. k, Kz

energy andZH=0 (belly) for the minority electrons in the FM con-
figuration. (b) Normalized spectral density for the minority-spin
electrons in the FM configuration shifted to the first period
(=ml2k, ,ml2k,).

FIG. 4. Band structures of Cu and ferromagnetic fcc Co along
theT'-X line (k;=0).
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3E—4 0.01 visualize the effect of these large values af/JE on the
e < 316 K coupling strength, it is useful to note from E((ﬁ) that it is
oooooT = O K formally equivalent to adding a fixed number
(sddok, 19E) Lo/ JE of about 20 atomic planes of Cu to
the nominal thickness of the Cu slab. The coupling strength
is, therefore, greatly reduced for small Cu thickness and de-
viates strongly from the N? law that usually holds af=0.

Full discussion of this anomalous behavior of the coupling
strength is deferred to Sec. IV.

The temperature dependence of the coupling is also

strongly influenced by the rapid variation of the phéaseith
energy’® The contribution to the coupling from the four

=450 15 20 25 30°° necks of the Cu FS obtained from Ef) at room (solid
Number of Cu at. planes curve and zerddashed cunjetemperatures is shown in Fig.
9. Virtually all of the change of the coupling strength be-

FIG. 5. Long-period(belly) contribution to the coupling ob- tween zero and room temperature shown in Fig. 9 is due to
tained from Eq.(5) at room (full circles) and zero(squarestem-  the strong energy dependence of the phéaseThis is in
peratures. The left-hand scale gives the coupling in mRy per atorgontrast to the belly contribution for which this effect is neg-
in the (001) surface, the right-hand scale in m#m ligible.

Finally, comparison of the bellgFig. 5 and neck(Fig. 9
the corresponding Cu band can evolve. The confinement afontributions to the total coupling shows that the exchange
the majority-spin carriers is, therefore, only partial. Becausecoupling in a Co/C(00]) trilayer with thick Co layers is
of this asymmetry in the confinement of the majority andtotally dominated by the short-periddeck oscillation.
minority carriers, the magnetic contrast is very large and we
expect strong coupling.

However, there is another interesting feature of the full
confinement at the neck which influences the coupling
strength. We refer here to a very strong energy dependence The numerical effort needed to evaluate the coupling in a
of the phasey, for minority carriers in the FM configuration Co/Cu trilayer from the stationary-phase form{is mini-
and for carriers of either spin orientation in the AF configu-mal. This is because the sum of the spectral densities in all

ration. First of all, we note that, in both these cases, thehe Cu atomic planes is required only for two ValuesIZPf
Fourier analysis of the spectral density at the neck shows thapelly and neckand one value of the energi € E¢). How-
Ys~sy, wherey is universal. It follows that only the energy ever, if one were to evaluate the coupling numerically from
dependence of is required. We determined it numerically Eq. (2) as it stands, the numerical effort would be prohibi-
from the shifted spectral density. We now discuss separatelifve. Moreover, the accuracy of the approximation of Sec. I,
the behavior ofys for the minority and majority carriers in  which includes only the spectral density in the Cu spacer
the FM and AF configurations. The results for the minority|ayer, needs to be tested. We have, therefore, derived a new
carriers, which are confined in the FM configuration, arecleavage formula for the coupling which not only can be
shown in Fig. 8. The energy dependence of the pigsgis  evaluated numerically much more efficiently but also in-
almost linear which means that the derivati#e)') gy /JE cludes explicitly the contribution to the coupling from all the
required in Eq.(5) can be determined very accurately. We atomic planes in an infinite layer structure. Historically, the
find a(y')em/JE=—59 Ry ! for the minority carriers in cleavage formula was obtained by introducing the cleavage-
the FM configuration. Similarlyg(¢! ") sr/0E=—29 Ry '  plane formalisr® of the spin-currenttorque approack® in

in the AF configuration when carriers of either spin orienta-the formulation of d’Albuquerque Castro, Ferreira, and
tion are confined at only one of the interfacéBhe energy Muniz.?’ We first present this original derivation and then
dependence of the phase for the majority carriers weaklglescribe an alternative method in which the cleavage for-
confined in the FM configuration is again negligibl§o  mula is obtained by summing directly the spectral density in

J (md/m?)

0E+0 v%ﬁ

J (mRy/atom)

Ill. CLEAVAGE FORMULA FOR THE EXCHANGE
COUPLING IN MAGNETIC MULTILAYERS

1.7 1.25 50
o - = -
& 15} (@ & (b) & 40 (©
~—~ ~— ~ 301
Z 13} Z1.20 =z
~N ~ ™~ 20r
~r ]1 - ~~ ~—r 10_
0.9 . L t 1.15 - . L 0 . .
-1.0-05 0.0 05 1.0 -1.0-05 0.0 05 1.0 -1.0-05 00 05 1.0
L L L

FIG. 6. Shifted normalized spectral densitiesEat and IZHa:(2.53,2.53)(neck). (a) Carriers of either spin orientation in the AF
configuration; partial confinementy) Majority-spin carriers in the FM configuration; partial confinement.Minority-spin carriers in the
FM configuration; full confinement.
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FIG. 7. Band structures of Cu and fcc Co in the releVi@at] Number of Cu at. planes

direction for one of the necl{d<Ha=(2.53,2.53]. FIG. 9. Contribution to the exchange coupling of the four neck

extrema of the Cu Fermi surface at rogsolid curve and zero

all the atomic planes. For simplicity, we restrict our deriva- dashed cunjetemperatures.

tion to the case of nearest-neighbor hopping only. Hoppin
to more distant neighbors is trivially dealt with by using the _, ! )
technique of principal layets described in Sec. II. Ggrv.am (Gameny) i the propagator for an up-spidown-
We begin by considering a more general system consis€PiN electron between every atomic plame (m) in block
ing of two ferromagnetic layers, withl atomic planes each, B (A) and every atomic plane (m’) in block A (B). We
embedded in a nonmagnetic material. The two magnetic laystress thaf andB are just labels for the left and right fer-
ers are Separated Hy atomic p|anes of the nonmagnetic romagnetsnotindices. HereVex is a bIOCk'diagonal matrix.
material, and are labeledl andB. The atomic planes in each Each block ofVe, is a vXv matrix (v is the number of
magnetic |ayer are labeledn and m’, respective'y atomip orbitals in thet|ght'b|nd|ng ba$i$\/hose elemenj{S )
(1sm<=M; M+N+1<m’'<2M+N). According to Eq. are given by the on-site Hartree-Fock exchange energies in
(1), the coupling] is defined as the change in the thermody-eaCh magnetic layer. Note that the dimension of the matrices
namic potential) of the system when the magnetization in Gt a. Gag. and Ve, is equal to Mv)x(Mw). The large
one of the layers is rotated by relative to that in the other Size of these matrices for thick ferromagnetic layers makes it
layer, impractical to use E(q9) as it stands. However, it is possible
to reformulate Eq(9) in terms of matrices whose sizes de-
J=AQ(m)=Q(0)—Q(m). (8 pend just on ». Following Edwards, Robinson, and
Mathon?® we separate the multilayer system into two inde-
pendent parts, referred to as leff)(and right ¢) overlayers,
by introducing a cleavage plane between spacer plpaes
i E dEf(E)Im Tr In{1—2(cos 6—1) j+1. The left overlayer consists gf atomic planes of Cu
Ny K deposited on a substrate consisting of semi-infinite CuMnd
1 " ] ” atomic planes of Co. The right overlayer consistsNof |
XVeGe a(B KV eGas(E K} © atomic planes of Cu deposited on a similar substrate. For-
wheref(E) is the Fermi-Dirac distribution function and the mally, if the planesj andj+1 are coupled by a hopping
trace (Tr) is over all the atomic orbitals. The matrix matrix t, then the Hamiltoniad for the whole system can
be split into two termsH=h+Ah. Here, h is a block-
diagonal matrix that describes the two semi-infinite cleaved

For an arbitrary angle of rotatiofi in the plane of the layers,
the change i) can be written &

AQ(0)=—

08 systems obtained frordl by setting the hopping between
planesj andj+1 equal to zero andh is defined by
o r t, p=i, g=j+1
Ahy =1t P=i+1, q=] (10
> oat 0, otherwise.

As in Sec. Il, we use the convention that capital letters de-
0.2 | scribe the whole connected system, while lower case letters
are reserved for the semi-infinite cleaved system. In addition,
we use boldface letters to denote matrices whose dimension

0.0 L L ‘ depends on the ferromagnet thicknéés
-0.006 -0.005 0.000 0.003 0.006 Using Dyson’s equation, we can relate the Green’s func-
E — Er (Ry) tions of the connected system to the surface Green’s func-

FIG. 8. Energy dependence of the phasef the Fourier coef- tions of the cleaved system

ficients for the minority carriers in the FM configuration at the neck 1 g + T o1
extremum. Ggm am=%8m 1t (179,195 1j41t) ) am (1D)
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and

1 -1
GAmer gilxm,jt(l_gjl+1,j+1tT9jl,jt) lgj+1,Bm” (12

where the unit matrix and the matrices,gy’;,gj, 1., are
all vX v matrices. The matrlcegi\mJ and g;m, j+1 have di-
mension Mv) X v, while gJ am and gJ+1er are vX(Mv).

The matricesg?

the »X v matrices S'=t"(k))[1-glt(k)g/t"(k)]™* and

St=t(kp[1 —grt'(k)glt(k)1 2, and write the argument of

the logarithmic function in Eq(9) as

Trin {1 =2(cos 0—1)Vedh | 1S'9] AVex G4 ;S'0}+ 18}

=TrIn{l—2(cos0—1)S'g/ \Ve, 04 ;S'D} 1 15
XVexdh 41} (13
We make use of Dyson’s equation again to write
2] \Vela j=9,—0) (14)
and
2glerl,BVengB,j+1:gi_grl- (19

By substituting these results into Ed4.3), (9), and(8) we
end up with the following expression fdr.

def(E)F(k” E.N), (16)
ku

where

[0 o
o _ gp,p+g;3,it(|
p.p

i; andg,,;,, are, respectively, equal to
g’(j) and g;’(N—j) defined in Sec. Il. We now introduce

- gjfr+1,j+ltTgJ{):jt)7l
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1
F=— ;Im TrIn[1+S'(@l()—gl(j))

X SHgl(N=])—gH(N—)]. (17)

It is worth stressing that the dimension of all matrices in Eq.
(17) is determined by the number of atomic orbitals in the
tight-binding basis andloes notdepend on the number of
planes in the magnetic layers. The dependencé of the
magnetic layer thicknedd is implicit and contained entirely
in the surface Green’s functions of the two cleaved systems.
This makes it possible to calculate the coupling for large or
even infinite values oM, which is prohlbltlve within other
formalisms such as that of Lareg al?° The extension of the
above expression to systems with magnetic layers of differ-
ent thicknesses is straightforward. In addition, it can be eas-
ily shown that, for the single-band model, E§7) reduces to
the torque formula of Edwards, Robinson, and Mat
in that case, it is easily shown thitis independent of the
cleavage-plane position. In the torque formulation, this is an
immediate consequence of the spin current conservation.
Equation(17) has already been used in Refs. 14,13, and 28
and derived independently by Drchetl al1°

We now present an alternative derivation that shows
much more directly how the cleavage formula for the cou-
pling is related to the spectral density approach of Sec. Il. In
fact, we are going to derive the cleavage formula from Eq.
(3) of Sec. Il by summing explicitly over all the atomic
planes of the system. As before, we use the nota L51for
the matrix elements of the one-electron Green'’s function of
the cleaved system anG; . for those of the connected
multilayer.

To evaluate the spectral density from E8), we require
the diagonal elements of the connected Green’s function
Gp,p in all the atomic planes of the system. We once again
cleave our system between thea andj +1th Iayers Using
Dyson’s equation, we can express them in terms of the
Green’s-function elements of the cleaved systgq,

+ .
97 1j+1t'gyp for —eo<ps<j

(18

95 ot 0p 41t Tt = 0] 1 .t g ) 7197,y for jHlsp<e,

wherel is again avX v unit matrix and we have suppressed Now we use the identitiesig];/dE= —Ep__ng"pgg]
the dependence of all the Green'’s functionskn kH, and —Ep_,mg] pgp] anddgy, ;. ,/dE=—
orbital indices. Substituting from E@18) in Eq. (3), we can =
write the total spectral density of the connected system in a
given configuration of the magnetic layers in terms of the
Green's functions of the cleaved system,

1 J

p—focg]+lpgpj+l
—325-i+10] pgp ; to write the spectral density in the form

D7(N)=D7(j)+ D7 (N-])

1 d g tyo
—;Im Tr d—EIn(I—ngﬁlt gj’jt) , (20)

+ 4 ‘ where
X(1=971j+1t790 7107, 1t 797 ] ) |

S Dy(j)=——=ImTr 2 gg]p,
+p;+1 (95,5t 952t O]t T S

Y .1 D"(N—j)———|mTr2 gy
X(1=97141t"g] 1) lgj+1,p]]- (19 pET+1
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are simply the spectral densities for the left and right surface

systems. Since they refer to the cleaved system, they are 0.06 coooo 231 20
clearly independent of the magnetic configuration, and, 0.04 | prrrets N R
hence, do not contribute to the coupling. The last term in Eq. c 1.0 ~
(20), on the other hand, gives the difference between the £ 002 ¥ 05 E
. . ~

spectral densities of the connected and cleaved systems. It is, > 0.00 0.0 &
therefore, this term that determines the exchange coupling. Oé ) ~
We note that it depends only on the surface Green’s func- ~-0.02 —05 -
tions of the cleaved system. - -1.0

We can now apply Eq20) to determine the coupling. An —0.04 1 1.5
inspection of Eqs(1)—(3) of Sec. Il shows that we require ~0.06 : ) ) —20
the sum of the spectral densities for up- and down-spin car- U5 10 15 20 25"
riers in the FM configuration and the spectral density of car- Number of Cu at. planes

r_iers O_f either spin in the A'_: configuration. In the FM con- 1. 10, Numerical evaluation of the exchange coupling for
figuration, an electron of spir moving across the cleavage td

plane obviously experiences the same potential in the le
and right ferromagnets. To obtain the spectral density in the

AF configuration, we note that, when the magnetizations 0]:stricted to a relatively thin spacer. Such a dense set of com-

the Co layers are antiparallel, an electron with spin up in th%uted data points can be reliably analyzed numerically for

ifferent numbers of points in thE” sum (squaresN; =231, tri-
ngles,N;=435; full circles,N=2775).

lsefitnot\j/ce)\:\I/?]yi?]rtﬁinri bre]tz)rmzlsllly rega:jde_d as an eI_Ie_ﬁFron wit eriods, amplitudes, and phases of all the oscillatory contri-
P ght over aye,r, and vice versa. This meany, yiions to the coupling. This is, in particular, difficult when
that g7 in Eq. (20) becomesy , whereo' is of opposite  there are several oscillation periods. To achieve the same
spin orientation tar. We stress that this formal “trick” can  degree of accuracy with the conventional numerical meth-
only be used because our formulation is in terms of theyds, which give the coupling on discrete atomic planes only,
Green's functions of a cleaved systeng physical spin flip  one would have to go to very large spacer thicknesses where

actually takes place at the cleavage plane. It is now easy o convergence in thie, space becomes poor
obtain the differencD(N) between the spectral densities g ) Sp poor.

in the FM and AF configurations, bearing in mind that the
surface terms cancel. It is given by IV. STATIONARY-PHASE APPROXIMATION TO THE

CLEAVAGE FORMULA AND NUMERICAL EVALUATION

1 d OF THE EXCHANGE COUPLING IN Co/Cu/Co (001)
AD(N)=——Im| —=In[de{R;R; R} 'R H1], _ o _ ,

= \dE We first present in this section our results for the coupling
in Co/CU001) obtained numerically from Eq$16) and(17).
The Green'’s functiong? andg; have been calculated by the
ot method of adlayerfsee Eq(6)] using the same set of tight-
Ryo=(1—07 t'gyt). (21) binding parameters as in Sec. Il. Special care has been taken

When the spectral density differen¢2l) is substituted in 0 ensure convergence of the sum okeand of the energy
Egs.(1) and(2), it is easy to check that the cleavage formulaintegral. The latter was carried out in the complex energy
(17) for the coupling is recovered. For the purpose of tracingPlane and replaced by a sum over Matsubara frequencies. For
the contributions to the coupling of the majority and minority temperatures close to room temperature, we found that the
carriers in the FM and AF configurations separately, it is€N€rgy summation converges if one includes 10-15 Matsub-
preferable to use Eq21) where these contributions can be ara frequencies. All the results shown subsequently were ob-
clearly linked to the factor®; ,R, |, andR; . Ealned using 15 Matsubara frequencies. The summation over
In addition to the computational efficiendparticularly  kj was performed using a dense mesh in the two-dimensional
for thick magnetic layepsalready referred to, the cleavage Brillouin zone. The numerical calculations reported here
formula has an additional very important advantage that théave all been performed far=316 K.
two surface Green’s functiong? and g7, required in this We first discuss the results for the interlayer coupling be-
formula, can be determined by a new essentially analyticaween semi-infinite Co layers. They are shown in Fig. 10 for
method proposed recently by Umerskiln his method, the  different numbers of points in tHEH sum(231, 435, 2775 It
adlaying procedure defined by E@) is reformulated using is clear that convergence for large Cu thicknéssan be
a matrix generalization of the bilinear mapping of the func-achieved only with a very large number of poifi&y75 in
tions of a complex variable so that the thickness of an overthe irreducible two-dimensional Brillouin zone. The numeri-
layer on a substrate appears explicitly as an independeitl results clearly indicate that the short-period contribution
variable in the overlayer Green'’s functiogs andg;. It  coming from the Cu FS neck is dominant, in agreement with
follows that one can treat formally the thickness of the overthe quantum-well calculation of Sec. II. To further clarify
layer and, hence the thickness of the spacer, as a continuotlis point, we apply the stationary-phase method to our
variable. The exchange coupling can, therefore, be calculatezleavage formula for the coupling, which allows us again to
from Egs.(16) and (17) entirely numerically for fractional separate analytically the contributions from the belly and
values of the interplanar distance This method thus pro- necks of the Cu FS.
vides a dense set of points for the coupling that can be re- Similarly to the normalized spectral density, the integrand

where
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FIG. 11. (a) IntegrandF(K;,E,N) of Eq. (16), at the Fermi -0.06
energy and fotZ”=0 (belly) shifted to the first period (&/k,); (b)
same for the neck. 009575 20 25 30°°

Number of Cu at. planes

F(kl\ E,N) in Eq.(17) is a periodic function oN and can be FIG. 12. Comparison between the numerical res(dtguares
expanded in a Fourier series with the same wave VeCtofnq the stationary-phase calculatiéull line) based on Eq22) for
k, (E, k‘) The corresponding Fourier coefficients(E, k”) T=316 K. The dashed line is the result of a calculation using the
can be calculated by shifting the points for discrete spacetlosed-form solution to the Green’s functions.
thicknesses, as described in Sec. Il. The shifted points fall on
a sectionally continuous function defined in the intervalthat the SPA formula based on the spectral density in the
(0,m/k,), and can be immediately Fourier analyzed. Figuresspacer leads to a slight underestimate of the coupling
11(a) and 11b) show the shifted curves for the belly and the strength.
neck, respectively. The discontinuity that appears in the Given the high accuracy of the SPA calculation, we have
curve for the neck arises because of the formation of a boundsed Eq.(22) to calculate the coupling for large Cu thick-
state due to full confinement in the minority-spin channel.nessegup to 100 atomic planedoth at zero and room tem-
Such a bound state leads to a jumproiih the imaginary part  peratures to assess the approach of the coupling to the usual
of the logarithm in Eq(17). Once the Fourier coefficients asymptotic formee1/N2. The results are shown in Fig. 13. It
are determined, both integrations ofqrand energy can be is clear that Cu thicknesses as large as 50 atomic planes are
carried out analytically, following the same steps describedieeded to reach the conventional asymptotic regime at zero
in Sec. Il. The expression for the coupling per surface atontemperature, and it is never reached at room temperature
then reads relevant to experiment. This shows that fits to the results of
numerical calculations or to the experimental values of the
coupling in Co/C(001) based on the conventional

21(sNk d+g) asymptotic dependenceN? are unreliable.

Imz 2 T|C |e

kH s=1 ZSNd

2k, ok, | ?

Tl ak2 ak2

X

(22)
JE

1%
sin){ZkaT( sNd— Jr—l’bs

|

where 2J is the phase of the Fourier coefficieag. The

sum oveﬂZﬁ covers all the stationary points &f . It should

be noted that Eqg22) and(5) are not identical because the
functions that are Fourier analyzed are different. This is re-
flected in the Fourier coefficients and, hence, in the structure 15 I I
of Egs.(22) and (5). T=0K

We compare in Fig. 12 our numerical results based on l Hl“““l““”“l”” ‘
Egs. (16) and (17) (dashed ling with the SPA calculation “‘.‘ lllm l“ I
(solid line) based on Eq22), for T=316 K. The dashed line T
in Fig. 12 was obtained by Umerski's method for continuous
N discussed in Sec. lll; squares indicate the positions of A5 [ [
atomic planes, i.e., the physical Cu thickness. The agreement 0 20 40 60 80 100
between the two calculations is impressive and entirely jus- Number of Cu atomic planes
tifies the stationary-phase approach. Comparing the continu-
ous curve in Fig. 12 for the SPA based on the cleavage F|G. 13. Dependences aFx N2 on the numbeN of atomic
formula (17) with that of Fig. 9, which is based on the spec- planes of Cu obtained from the stationary-phase forn{a® at

tral density in the Cu spac¢Eq. (5)], we find only a small  room and zero temperatured {s measured in mRy per surface
difference in amplitude and phase. It is clear from the resultatom.

0 20 40 60 80 100
Number of Cu atomic planes

JxN?
o
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monolayers are in excellent agreement with those reported

0.18 60 by Lang et al?® On the other hand, the amplitude of the
0.12 4.0 dominant short-period oscillation obtained by Nordstro
€ et al?! and Langet al®® for thicker Co layers(five atomic
S 0086 2.0 6; planeg remains a factor of almost 3 larger than our results
2 ~ for semi-infinite Co. This is almost certainly due to the fact
e 000 0.0 ¢ that five atomic planes of Co is not enough to reach the
\E/—o 06 _2 ov asymptotic regime of thicksemi-infinit¢ Co layers consid-
- ———ee 9775 - ered in our calculations. It is worth noting that our results for
—0.12 } ooooo 231 l-40 semi-infinite Co layers are in excellent agreement with the
LMTO calculations of Ref. 19 for the same system. It is
-0.18 0 s 15 20 25 60 interesting that such a very good agreenm@me discrepancy

between the two calculations is smaller than 5%) is obtained
when we use the Cu hopping parameters at the Co/Cu inter-

FIG. 14. Exchange coupling between two Co monolayers emface. When the geometric mean of the Co and Cu hopping
bedded in Cu for two different numbers kf points in the irreduc- Parameters is used instead, the overall coupling amplitude
ible Brillouin zone:N=231 (squares N;=2775(full circles). increases by about 35%.

Number of Cu at. planes

Finally, we return to the discussion of the relative weights v NCLUSION
of the contributions from the neck and belly extrema of the - CONCLUSIONS

Cu FS. This is an interesting and fundamenta”y important We have described two Comp|ementary approaches for
problem since a simple Ruderman-Kittel-Kasuya-Yosidacalculating the exchange coupling in magnetic multilayers.
(RKKY) -type theory® predicts that the relative weights of The first one is based on an asymptotic expansion of the
these two contributions to the coupling are determined eNthermodynamic potential valid for relatively large spacer
tirely by the curvatures of the Cu FS at the extremal pointsthicknessesSPA). This method provides a clear physical
Based on this argument, the RKKY theory predittompa-  picture of the coupling, relating the oscillation periods to
rable amplitudes of the be”y and neck contributions to tn%xtrema| dimensions of the spacer FS, and the Coup”ng
coupling. Rather interestingly, the early calculations of Langstrength and phase to the degree of confinement of carriers in
et al?® for Co monolayers embedded in Cu also show thakhe spacer layer. The latter is determined by matching of the
long- and short-period oscillations have comparable amplipylk ferromagnet and spacer bands in the direction perpen-
tudes. dicular to the layers at the extremal points of the spacer FS.
Our SPA calculation of the coupling for semi-infinite Co |n addition, the SPA permits an analytic separation of the
layers, described in Sec. Il and in this sectisee also Ref.  contributions to the coupling from each extremal point of the
13), is in sharp contrast with all these results. It shows thakpacer FS. It also allows us to separate the contributions of
the belly (long-period contribution to the coupling is negli- yp- and down-spin electrons in the ferromagnetic and anti-
gible. This is clear from a comparison of the belly contribu-ferromagnetic configurations of the trilayer. Finally, because
tion shown in Fig. 5 with the neck contribution to the cou- the coupling is linked in this approach directly to the spacer
pling shown in Fig. 9. The same conclusion was reachedpectral density, it demonstrates explicitly that oscillations of
independently by Kudrnovsky and co-workér§on the ba-  the photoemission intens#r2 and oscillations of the ex-
sis of a Fourier analysis of the coupling for semi-infinite Cochange coupling have the same origin, i.e., the passage of
layers. This is also confirmed by the calculations of Nord-quantum-well states across the FS as the thickness of the
stram et al”* and Langet al® for Co layers up to 11 ML  gpacer is varied. The only limitation of this approach as pre-
thick that show that the nedlshort-period contribution be-  sented here is that the spacer Fermi surface can only have a
comes dominant. The advantage of the SPA method is that i, o sheet for eacky. This is of course satisfied for Co/

a”O.WS rigorous separatior! of_the cogpling ipto its diffe.rentCu(OOD. The generalization of the SPA asymptotic formula
oscélllar'gory cortnpon?nts, yletldlng their amplitudes, penods,to a multisheet FS was described in Refs. 14 and 23 for a
anGp as?ﬁ a de}ny emperagjr&/ its f .single-orbital tight-binding band. The application of the SPA
infi _|ve2 | N |scr%par11ncy Ie eer O'];'rL resul Z%f Orcsem"method to the most general case of multiorbital band struc-
Infinite Co layers and the early results of Lagigal™ for Co .0 anq multisheet FS will be described elsewhere.

monolayers, we have also ldetermined the coupli.ng fpr WO The second approach is fully numerical and has no such
Co mqno:ay?rs Ie?_wbegdeddm Cu. W(;:hhave usedt'nftth'i{u”%striction. It is based on a new cleavage formula for the
nhumerical caicu'ation based on Ha7) ne same set ot tight- coupling that has an exact correspondence with our original
binding parameters as in our calculation for the trilayer W'thquantum-well theory of the couplitf Moreover, the deri-
semi-infinite Co. The results obtained with 231 and 2Ky5  vation of the cleavage formula presented in Sec. Ill shows
points in the irreducible two-dimensional Brillouin zone are explicitly that, for a single-orbital tight-binding band, the
shown in Fig. 14. Itis clear from Fig. 14 that convergence incleavage formula is equivalent to the torg(spin-current

this case is achieved with a relatively small num#81) of  formula for the coupling®

E”. We recall that at least 2775 points are necessary for The cleavage formula is very convenient from the com-
infinitely thick Co layers. It can also be seen that the initial putational point of view since local one-electron Green’'s
coupling strength is much larger(0.1 mRy/atom functions in only two neighboring atomic planes of the
~3.4 mJ/m) than for semi-infinite Co. Our results for Co spacer are required to calculate the coupling. It follows that
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the calculation of the coupling for magnetic layers of arbi-all between zero and room temperatures.
trary thicknesses requires no more computational effort than There is now a theoretical consengRefs. 22,13,21, and
the calculation for magnetic layers containing just one37) that the short-periodneck contribution to the coupling
atomic plane. The stationary phase method can also be ap+ Co/CU001) with thick Co layers dominates the total cou-
plied to the cleavage formula, which leads to an alternativepling. However, the magnitude of the coupling at the first
asymptotic expression for the coupling. antiferromagnetic peak=1.2 mJ/n¥ we have determined
Finally, using the method of Umerski, which yields  numerically from the cleavage formula is a factor of almost 3
closed-form expressions for the local Green'’s functions insmaller than the result of Nordstroet al. and Langet al. for
any layer structure, the coupling can be computed entirel>g |ayers containing five atomic planes of &0° This is
numerically from the cleavage formula for fractional values st likely due to the fact that the asymptotic limit of thick
of the interplanar distanceé. This method provides a dense (semi-infinitd Co layers we consider was not reached in
set of points for the coupling restricted to a relatively thin y,qir calculations. Rather interestingly, the coupling we ob-
spacer that can be reliably analyzed numerically for periodSyin or 2 ML of Co embedded in Cu is virtually identical to
amplitudes, and phases of all the oscillatory contributions t he coupling curve obtained by Largt al?° for the same

the coupllng_. To achleve_ the same degre_e of accuracy W'tsystem. There is, therefore, complete agreement between the
the conventional numerical methods, which give the cou- ;
two sets of calculations for Co monolayers. They show a

pling on discrete atomic planes only, one would have to go .
to very large spacer thicknesses where the convergence uch larger Fotal coupling strength 3.4 mJ/rﬁ and com-
parable amplitudes of the short- and long-period oscillations.

the k; space becomes poor. . Finally, we comment on the SPA calculation of Lee and
As an illustration, we investigated comprehensively theChan 37 which is based on the reflection coefficient method
oscillatory exchange coupling in Co/@91) using the two g

. ‘9 .
approaches described above. In both calculations, the sar%gruﬂo angl Stlfle§. Thfe clouplmghstrer;]gth ar:ﬂported b/yn%Lee
tight-binding parametrization of aab initio band structure and Chang is a factor of 8 larger than the vatug.2 mJ

of Cu and Co was used. The results of the fully numericalVe obtain. This i§ almost certainly due to the fact that they
calculation for a Co/C{@01) trilayer with semi-infinite Co, Nnave neglected in the SPA the energy dependence of the
based on our new cleavage formula for the coupling, are ifphase, which is a crucial factor at the neck extrema of the Cu
excellent agreement with the results obtained from thd=S.
asymptotic expansion of the spectral denditye original As far as the experimental situation is concerned, the ex-
quantum-well theory with SPY as well as with the results perimental results of Johnsaet al** for thick Co layers
of the SPA applied to the cleavage formula. The use of théeem to indicate that the amplitudes of the short- and long-
stationary-phase approximation for systems such as Co/Cueriod oscillations of the coupling are comparable. This con-
is, therefore, fully justified and brings all the advantagestradicts all the theoretical results referred to above, but it has
listed above. In particular, the numerical calculation confirmso be borne in mind that all the calculations were made as-
the result of the SPA that the short-perigeck oscillation  suming perfect Co/Cu interfaces. It is reasonable to expect
dominates the coupling in Co/Qa01) with thick Co layers, that interfacial roughness would tend to suppress the short-
the long-periodbelly) oscillation being negligible. The SPA period oscillations. In fact, most recent experiments of We-
approach allows us to interpret this result as being due tggr, Allenspach, and Bischfusing a scanning electron
complete confinement in the FM configuration of the minor'miscroscope with polarization analysiSEMPA), which
ity electrons at the Cu FS necks. The quantum-well states glere performed on a series of Co/Cu samples, show that,
the Cu FS neck were recently observed by photoemisgion.yhile the long-period oscillation is seen in samples with rela-
The SPA asymptotic formula also shows that the initialtiyely “poor” interfaces, the short-period oscillation be-
decay of the coupling with Cu thickness is much slower thartomes totally dominant for the “best” samples. Weber, Al-
the LN? law that usually holds & =0 K. In fact, the regime  |enspach, and Bisch¥festimate that, for their best samples,
in which the 1N? law holds is reached only foN~50 at  the amplitude of the short-period oscillation is a factor of 7
zero temperature and is never reached at room temperatulgrger than that of the long-period oscillation. Unfortunately,
This occurs because of the strong energy dependence of tRg=pMPA does not yield the absolute values of the coupling. It
phase of the coupling, which is due to complete confinemenf,oy|d, therefore, be very desirable to perform MOKE mea-
of the minority carriers at the Cu FS necks. On the othelgyrements on the best samples of Weber, Allenspach, and
hand, the asymptotic decay of the belly contribution to thegjschof. Such measurements might well yield a greater cou-

coupling obeys the usualN law. We stress that the SPA pling strength, i.e., closer to the calculated values than the
method provides for each component of the oscillatory couzoupling strength obtained by Johnsetal3*

pling the correct dependengEqg. (22)] on the Cu thickness

N at an arbitrary temperature. The dependences on Cu thick-

ness obtained from Eq22) are very accurate beginning ACKNOWLEDGMENTS
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