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Quantum oscillations of the spin density in magnetic multilayers
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An asymptotic stationary phase formula is derived for the oscillatory spin density induced in a nonmagnetic
spacer sandwiched between two semi-infinite ferromagnets. It gives an explicit dependence for the polarization
on the spacer layer thickness and on the distance from the ferromagnet-spacer interface. Both dependences are
shown to oscillate with the same periods as the exchange coupling between the ferromagnetic layers. The
magnitude of the polarization is governed by the degree of confinement of carriers in the spacer quantum well
and by the curvature of the spacer Fermi surface. The formula is applied to a Co/O0&Ltrilayer described
by tight-binding bands fitted to aab initio band structure. Its validity is tested against a fully numerical
calculation using the same band structure. As in the case of the oscillatory exchange coupling, the induced
polarization is dominated by the contribution of the Cu Fermi surface neck extrema leading to a short period
oscillation of 2.6 atomic planes. An interesting non—Ruderman-Kittel-Kasuya-Yosida initial decay of the
induced polarization is discussd®&0163-182¢09)06309-2

Oscillatory exchange coupling between two ferromag- The purpose of this paper is to apply the stationary phase
netic layers separated by a nonmagnetic metallic spacenethod of the AQW theofyto calculate analytically the spin
layer is one of the rare manifestations of quantum interfer-density in a nonmagnetic spacer layer sandwiched between
ence effects in a metallic system structured on a nanometéwo ferromagnetstrilayer). We demonstrate that the periods
length scale. It was proposed early on by Edwards an@f oscillations of the induced moment are determined by the
co-workerg= that the oscillatory exchange coupling is due to@xtremal radii of the bulk spacer Fermi surface. The ampli-
size quantization of the energy of electrons confined in dudes and asymptotic decay of oscillations depend on the
quantum well by the spin-dependent potentials of the magcurvature and the velocity of carriers at the Fermi surface
netic layers. For large spacer layer thicknesse4@ atomic ~ €xtremal points, and on the matching between the ferromag-
planes, an analytic formula for the coupling has beennet and spacer bands. We apply the formula to Co/Cu/
derived®* The asymptotic formula is based on the station-Co(001) trilayer and analyze the periods and amplitudes of
ary phase approximation and is referred to as analytic quaﬁhe cqntrlbutlons arising from the different extrema of the Cu
tum well (AQW) formula. It allows us to determine the os- Fermi surface. . o S
cillation periods, amplitudes and rate of decay of the We consider a trilayer consisting of two semi-infinite fer-
coupling unambiguously and relate them to the details of thé0magnets separated by a nonmagnetic spacer lay®t of
band structures of the ferromagnets and nonmagnetic spac&omic planes. The magnetizations of the magnetic layers are
Applications of the AQW theoR* using a realistic band assumed to be either parallel or antiparallel and the spin
structuré~" lead to oscillation periods and amplitudes of the quantization axis is chosen in the direction of #eis. Itis
coupling that are in agreement with numerical total energysonvenient to work in a mixed representation which is
calculation&®-*?and also with experimental results for mul- Bloch-like in the direction parallel to the planes of the
tilayers with noble metal spacet$The photoemission ex- trilayer and atomiclike in the perpendicular direction. Elec-
periments of Ortega and Himp$&l® and Segoviaet al® tronic states are, therefore, labeled by the plane index
confirm the energy quantization of electrons confined in a=1,... N, wave vectori?H parallel to the layers, orbital in-
nonmagnetic spacer layer. dex u (for transition/noble metalgy=1,...,9), and thepin

Although it is assumed implicitly that quantum confine- index . We describe the electronic structure of the trilayer
ment of electrons leads also to oscillations of the spin densitysing a tight-binding parametrization of ab initio band
in the spacer layer, the spin density has never been analyzeattucture. However, it will be seen that the implementation of
analytically. The induced moment in a nonmagnetic spacethe stationary phase theory relies only on the periodicity
has been calculated numericalfy° A very small moment (quasiperiodicity of the one-electron Green’s function. This
induced in Cu at the Co/Cu interface was previously detectegroperty is common to the tight-binding method we use,
by Samantet all’ and Pizziniet al® using circular dichro- LMTO tight-binding® and layer KKR method§ since they
ism and by Jiret al?* using NMR. However, as in the case are all formulated in terms of local one-electron Green's
of oscillatory exchange coupling, such numerical calculafunctions. It is, therefore, immaterial which one of these
tions are computationally very demanding and do not allonmethods one chooses as long as the one-electron energies of
explicit separation of oscillatory components arising fromthe trilayer are correctly reproduced. We stress, however,
different extremal portions of the spacer Fermi surfd€®).  that the AQW formalism for the induced moment is not valid
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for small spacer thicknesses and close to the ferromagnesdic function of the overlayer thickned? This result is
spacer interfaces, where a full numeriahlinitio calculation  proved rigorously in Ref. 22. For simplicity, we restrict our-
is required. As in the case of oscillatory exchange couplingselves in this paper to the case of an overlayer in which there
electron-electron interactions are neglected in the spacer angl only one band intersecting the Fermi surface for dgwch
the method is, therefore, not applicable to highly polarizablerhis is satisfied for the C001) spacer. In this case, the
spacers such as Pd. surface Green’s function is strictly periodit Since this ap-

At zero temperatL_Jre, the tot_al spin pplarization per atomp"eS to the left and right independent overlayey(R) is
P(R,N) in an atomic planeR induced in a spacer oN  hariodic in the variableR and g’(N—R) in the variableN
atomic planes is given by —R, both functions having the same perietk, , wherek

% Er . is obtained by solving the bulk spacer disperskk; ,IZH)
P(RN)=—o—3Im U>> [G'(R,N,E k) =Eg. It follows from Eq.(2) that the Green’s functioG”
” ko7 of the connected trilayer can be regarded as a periodic func-
—G!(RIN,EK)]dE, o) tion of two independent variablé® andS=N—R.

Introducing p=(—1/7) T{G'—G!], we can write the

WhereG"(R,N,E,IZ”) is the diagonal matrix elemetin the spin polarization in an atomic plarie of the spacer in the
plane indexR) of the one-electron Green’s functioN, is form
the number of atoms in any atomic plane parallel to the
trilayer, E is the Fermi energy, the trace is over all atomic 3 Ee .
orbitals, and the sum is over the two-dimensional Brillouin P(R,S)= 5 Im > xP(R,S,E,k”)d E. (3
zone. It should be noted tha’(R,N,E,kj) is a matrix I
whose size is determined by the number of orbitals employed . ) o i ) i
in the tight-binding parametrizatiotwe use the convention SINCep is @ periodic function of two variables, it can be
that all the matrices are denoted by bold letters expanded in a double Fourier seriesRrand S. Writing 'Ehe
To calculate the local one-electron Green’s function in arfFourier  coefficients in  complex form c, (E,k|)
atomic planeR, it is convenierftto separate the trilayer into = |cn’m(E,lZH)|exp[i¢//n,m(E,I§‘)], we obtain
two independent overlayers & atomic planes on the left
ferromagnet andN-R atomic planes on the right ferromag- ) )
net. This is achieved by turning off electron hopping be- pZE |Cn'm(E’E‘|)|ei[¢n,m(Eka)+’vl’n,m(Erkll)], (4)
tween the atomic planeR and R+ 1. We then proceed as n,m
follows. The surface Green’s functions of the left and right
semi-infinite ferromagnets are first determined by the anawhere énm=[(R—1/2)n+(S+ 1/2)m]2kJ.(E!lZH)d! with d
lytical method of UmersKf and then the left and right over-  the interplanar distance. The plane indi€&S in the Fourier
layers of the spacer material are deposited plane by plangxpansion4) have been shifted by 1/2 and+ 1/2, respec-
using the method of adlayérer that of Ref. 22. After each tively, to enforce symmetryantisymmetry on the Fourier
deposition, the surface Green’s function is updated from theoefficientsc,, ;= ;i n(— Cm.p) in the ferromagneticantifer-
Dyson equation. Finally, the trilayer is reconnected byromagnetiz configuration of the magnetic layers. Such a
switching on the electron hopping matrifk ) between the shift is necessary since the form of the Dyson equat®n
planesk andR+ 1. The exact Green’s functio®’(R,N) in implies that we calculate the local Green’s function in the
the planeR is obtained from the Dyson equation atomic plane immediately to the left of the cleavage plane. It
R . follows that, depending on whether the configuration of the
[G"(R,N)]’lz[g?(R)]’l—tT(k”)gf(N— Rt(kp, (2 magnetic layers is parallel or antiparallel, the polarization in

h th tion that ital lett d tthe connected trilayer satisfi®R,S)=*P(S+1R—-1).
where we use the convention tat capiial IeUers denote g hetituting the Fourier expansigd) in Eq. (3), we ob-
Green’s functions of the connected system and lower-casg .

letters those of the cleaved systéthe explicit dependence n
on E and IZH has been suppresseth particular,g’(R) is the 5 .
' i F .
surface Green’s .functlon of the left overlayer agf(N P(R,S):m"nz E |Cn.m(E.Kp
—R) that of the right overlayer. It should be noted that Eq. Ionmoy Jee
(2) applies both to the ferromagnetic and antiferromagnetic . R B,
configurations of the magnetic layers but, in the latter case, X elenmEX) T InmEXIGE, 5

07 (N—R) needs to be replaced lyy “(N—R).

Equations(1) and (2) can be used to determine the local Since the dependences of the polarization on the distRnce
spin moment numerically, and the numerical results for Cofrom the ferromagnet-spacer interface and on the spacer
Cu(00)) trilayer will be discussed later. However, Ed4) thicknessN are now contained entirely in the phase factor
and (2) are also the starting point for calculating the local ¢,, ,, Eq. (5) is in a form to which the stationary phase
moment analytically using the stationary phase method. Apapproximation is readily applicablésee Ref. § We first
plication of the stationary phase method is based on the olnote that the polarization at the center of an infinitely thick
servation that the surface Green’s functigpectral densily  nonmagnetic spacer must vanish. It follows tbgg=0, i.e.,
g’(R) of an overlayer oR atomic planes of the spacer ma- the Fourier expansiofb) does not involve a constant term.
terial on a semi-infinite substrate is a periodic or quasiperiAll the terms in Eq.(5) contain, therefore, an imaginary ex-
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ponential which, for largeR and S oscillates rapidly as a approximation. The evaluation of such integrals is described
function of E and IZH, leading to cancellations in the energy in Ref. 6 and it is easy to show that each stationary point of

and IZH-space integrals. Both the energy aﬁgspace inte- the spacer Fermi surface makes the following contribution to
grals can, therefore, be evaluated using the stationary phasiee local polarization:

¥ ¢,y o] @11~ M(R= 12+ mNI2K, d-+ v, o

hA
PRN)=~ sz”"e% d|(n—m)(R—1/2)+mN|{ ¢y, m/JE+ 2d[ (n—m)(R— 1/2) + mN] ok, /JE}’ ®

whereA is the surface area of the trilayer and we have re-and ¢, ,= —cn,, holds in the antiferromagnetic case. We
verted from the variablé to the spacer layer thickned$¢  shall refer to these results as selection rulescipy, .
(N=R+S). The quantity m*=|(s%k, /9k2)(s°k, / To understand the physical significance of the selection
k)| 2 is the curvature of the spacer Fermi surface at théules forc, ,,, consider the spin polarization induced in a
stationary pointk?, 7=i when the arguments in the two semi-infinite nonmagnetic metal in contact with a semi-
Gaussian integrals are positives —i when they are nega- mﬂm?e _ferromagr_1et. Th|s situation is Qescrlbed by &8).in
tive, and7=1 when the arguments have opposite signs. Wéhe limit N, in which case the trilayer reduces to two

recall that the perpendicular wave veckgr, Fourier coeffi- nonir)terac'ting interface;. Itis obviou; frpm ;imple phy;ical
cientsc their phasey and all the derivatives in Eq considerations that the induced polarization is nonzero in the
n,m?» n,m:» .

) - vicinity of the interfaces. It is clear from E@6) that, forN

(6)*Oare evaluated'aE:E,: and at the stationary poid) . honzero polarization arises only from the terms with
=kj . When there is more than one stationary point, the conm=0. Combining this result with the above selection rules
tributions of all such points to the polarization need to befor ¢, ,,, we find that the polarization induced by an isolated
added up. interface is governed by a single Fourier componet

The stationary phase formu(@) for the induced spin po- (or c_, ), for each extremal point of the spacer RSega-
larization resembles closely the analytic formula for couplingtjve values of the index occur because of the form chosen
obtained in the quantum well theory of oscillatory exchangefor the Fourier expansion of the spin dendiBg. (4)].) This
coupling® As in the case of coupling, the induced polariza-is clearly the expected Ruderman-Kittel-Kasuya-Yosida
tion oscillates with periodp=/k? that are determined by (RKKY) or Friedel oscillation of the spin density. It should
the extremal radikf of the bulk spacer Fermi surface. The be noted, however, that RKKY cannot predict the correct
oscillation amplitude is governed by the curvataré of the  amplitude of the induced polarization since it depends on a
spacer Fermi surface, and by the magnitldg,,| of the  mismatch between the ferromagnet-spacer potentials at the
Fourier coefficients of the spectral density. The latter deinterface, i.e., on the details of the band structure which are
pends on the degree of confinement of electrons in the spacesflected in the magnitude @ _;(c_1 ).
quantum well. The rate of decay is determined by the inverse For finite spacer thickneggrilayer), interference of elec-
Fermi velocity dk, /dE and the energy derivative of the tron waves reflected from the right and left interfaces occurs
phase of the Fourier coefficiendg, ,,/JE. All these factors and higher-order non-RKKY components, ,, come into
are common to the induced polarization and oscillatory explay. The stationary phase formul@ allows us to study the
change coupling, which is natural since the two effects aregependence of the polarization on the distaRc&om an
of course, closely related. However, the fundamental differinterface for a fixed spacer thickngdsor the dependence on
ence between the induced polarization and oscillatory exN for a fixed R. Sincec, ,#0 holds in the ferromagnetic
change coupling is that the polarization depends in an oscileonfiguration, the diagonal ternms=m in Eq. (6) may lead
latory manner both on the spacer thicknéésaand on the to a bias(positive or negativein the R dependence of the
distanceR from the ferromagnet spacer interface whereas theolarization. The bias, which occurs only in the ferromag-
coupling is an oscillatory function of the spacer thicknessnetic configuration, is determined by the spacer thickiéss
only. and is entirely due to non-RKKY contributions. Conversely,

We now turn to the dependences of the induced spin posince ¢, o# 0, there is a bias in thé&l dependence of the
larization on the distancR from the ferromagnet-spacer in- polarization and the bias is now determined by the position
terface and on the spacer layer thicknBss o clarify these of the planeR where the polarization is observed. It should
dependences, some preliminary discussion of the behavior @ie noted that a bias in tH¢ dependence may occur both in
the Fourier coefficients, , is required. We recall that,,  the ferromagnetic and antiferromagnetic configurations. Fi-
=0, which is due to the fact that the polarization vanishes anally, as in the case of oscillatory exchange coupfirige
the center of an infinitely thick spacer. Using a straightfor-presence of the termy, ,,/JE in the denominator in Eq. 6
ward generalization of the arguments given in Ref. 23 for théhas the effect that the expected inverse square law for the
case of oscillatory exchange coupling, one can further proveecay of the polarization is not always obeyed. For
that ¢, ,, Cnns+1, @andcp, 1, are the only nonzero coeffi- dy, ,/dE#0, deviations from the inverse square law may
cients in the Fourier expansion of the spectral density. Iroccur even for an isolated interface where one would nor-
addition, ¢, n=Cn, is oObtained in the ferromagnetic case mally expect the usual RKKY dependened/R?.



PRB 59 QUANTUM OSCILLATIONS OF THE SPIN DENSITY IN ... 6347

We now illustrate all these general features by calculating 2.0E4 I
the induced polarization in a Co/Cu/Co trilayer grown in the
(001) direction. The Co/Cu/Co system was chosen for two B
reasons. Firstly, it allows us to test the accuracy of our ana-
lytical stationary phase calculation of the induced polariza-
tion for a realistic system. The second reason is that the
polarization induced in the Cu spacer is highly relevant to
the oscillatory exchange coupling we have already calculated
for this systen?.

We considerN (001) atomic planes of Cu sandwiched
between two semi-infinite layers of ferromagnetic fcc Co. A
small lattice mismatch between Cu and Co is neglected. The
Co/Cu interfaces in the trilayer are assumed to be perfect and
we use the same tight-binding parametrization of the band | | | | | |
structure of the Co/Cu/Co trilayer as in our previous '4-°E'40 s 6 5 12 15 13 21
calculatior? of the oscillatory exchange coupling. The reader R (atomic planes)
is referred to Ref. 6 for details. We merely mention here that
our tight-binding parameters were obtained from fits t@han 4.0E-4 I I I I I I
inito  band  structure of bulk Cu made by
Papaconstantopouf@sand from our own fits to the band
structure of Janalet al?® for bulk ferromagnetic fcc Co.
Such a parametrization is expected to be accurate only well
away from the interfaces. However, in the case of Co/
Cu(001) considered here, LMTO calculaticfisshow that it
is an excellent approximation to use bulk Co and Cu poten-
tials right up to the interfaces. The fits are based,gn and
d orbitals and hopping up to second nearest neighbors. It
follows that the hopping matrix the surface Green’s func-
tionsg, and the trilayer Green’s functior@ in Egs.(1) and
(2) are all 18<18 matrices. The trilayer Green's functions
were constructed following the general strategy outlined ear-
lier. The procedure for a multiorbital band structure is de- 4.0E-4 | L | | L |
scribed in detail in Refs. 6,22. We adopted the method of 0 3 6 9 12 15 18 21
Ref. 22 to determine the Green’s functioBs andG'. R (atomic planes)

The numerical calculation of the total spin polarization

E?:]r ?;?mﬁés’ggeegzc?rigzg( ?Slr%(:r?ol'lrmggcﬁ: ?;}lzlli:a;:gglg)t thg Cu spacer on thg di;tanaefrom the left Co/Cu interfacéin
T Z ) ] units of #/2). The solid circlegbroken curvepsare the results ob-
plane and thek-space sum over the two-dimensiodD)  tained from a direct numerical evaluation of Ed). The solid
Brillouin zone. Typically, 40 energy points and up tO curves are the stationary phase results calculated fronf6Eq(a)
250000 IZH points in the 2D Brillouin zone are needed to Ferromagnetic configuratiorib) antiferromagnetic configuration.
achieve convergence.
In Fig. 1 we show the polarizations induced in a Cu layerreqcile segment of the Brillouin zongraditionally re-

of N=21 atomic planes for the ferromagnef® and anti- . L eh
ferromagnetic(b) configurations of the Co layers. The bro- fered to as the bellji.e., thel" point kj'=(0,0)], and the

ken curves denote the numerical results computed for nonirdeck[which occurs akjd=(2.53,2.53].
teger thicknesses of the Cu spacer, while the circles indicate We begin the evaluation of Eq6) with the terms that
the physically meaningful values of the polarization at inte-depend on the Cu Fermi surface only. These are the oscilla-
ger numbers of atomic planes. For this particular value of theion period pzw/kf (measured in numbers of atomic
spacer thickness, the bias of the polarization is clearly ViSib|®|ane$, Fermi surface curvatun@* , the “inverse Fermi ve-
in the ferromagnetic configuration. . locity” ok, /9E, and the factorr. The values of all these
We now discuss the stationary phase calculation of th¢yarameters for the belly and neck extrema of the Cu Fermi
induced polarization. This proceeds by evaluation of .  surface are given in Table I.
We recall that the right-hand side of this equation is evalu-  The next ingredient is the calculation of the Fourier coef-
ated at the stationary poinlq? of the perpendicular wave ficients |c, | and their phases, ,. The Fourier coeffi-
vectork, and at the Fermi enerdy:. Since the Fermi sur- cients depend on the degree of confinement of electrons in
face of Cu has a single sheet in the layer growth directionthe Cu quantum wélland it will be seen that they are the
the stationary points coincide with the stationary points ofmost important factor that determines the amplitude of po-
the bulk Cu Fermi surface in tH801] direction, i.e., they are larization oscillations. The Fourier coefficients are defined in
identical with the stationary points that govern oscillatorythe expansion of thécomplex local density of statep, via
exchange coupling’® There are two such pointén the ir-  Eq. (4), and can be determined by one of two methods. The

0.0E+0 —

-2.0E-4 —

Induced moment

2.0E4 -

0.0E+0 —

Induced moment

-2.0E-4 —

FIG. 1. Dependence of the moment per surface atom induced in
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TABLE I. Cu Fermi surface parameters. TABLE Ill. Fourier coefficients at the neck extremum in the FM
and AF configurations.
Period p kL IJE
k' (number of atomic plangs m* (A)~* (RyA)-1 7 Com [c| W Jyl 9E
Belly 5.7 0.393 —1.583 —i c&"fl 0.2778 —0.9445 61.457
Neck 2.6 0298  —2.057 1 ™o 0.2778 —0.9445 61.457
c™ ) 2.3858 -0.1178 117.338
FM
_ . _ _ _ ™, 0.2871 0.6203 177.235
first method is numerical and relies on evaluati@R, S) 05@1 0.2871 0.6203 177.235
over a u_niform two-dim_ensional grid in th&k(S) space and ang;z 2 3645 1.3500 236.586
th_en taking a fasj[ Fourier transform. It should be npted that cAF 0.2778 2197 61457
this method requires the knowledge @fR,S) for fractional AF _
: ™o 0.2778 0.944 61.457
values ofR andS, which means that we need to construct our  A¢ 2 970¢ 102 1.407 11
Green’s functions by the method of Ref. 22. The second Cb? -970<10 140 9.586
o Ay 2.970<10 2 1.735 119.586

method is analytical and is very similar to that used in the ;2 3
Fourier analysis of the oscillatory exchange coupling. The C;FZ—3 3.175¢ 1073 1.272 177.715
method is described in detail in Ref. 23. We merely point out ©-3-2 3.175<10 —1.869 177.715
that, using the analytical approach, it can be proved rigor-
ously that all the Fourier coefficients, , are related and can
be calculated analytically from the Hamiltonian matrix ele- bias in the case of the short period. This bias is due to the
ments. Moreover, one can further prove tiat,, C, ns1, fact that the Fourier coefficients, , are nonzero and large.
andc,, 1, are the only nonzero coefficients. The selection The amplitude of the short period contribution is a factor
rules and the actual values of the Fourier coefficients ar®f about 20 larger than that of the long period oscillation,
confirmed by the numerical fast Fourier transform methodPoth in the ferromagnetic and antiferromagnetic configura-
Tables Il and Il give the values at the belly and neck ex-tions. The physical mechanism which causes such a large
trema of the modulus, argument, and energy derivative of thdifference in the neck and belly amplitudes is the same as for
argument of some of the lowest Fourier coefficients in theoscillatory exchange coupling, i.e., full confinement of the
ferromagnetic(FM) and antiferromagneti@AF) Conﬁgura_ minority-spin carriers at the Cu Fermi surface ne%k&lis is
tions. also the reason why the energy derivative of the phase
Armed with the Cu Fermi surface parameters and the/#/JE is so large at the neck extremua large derivative
Fourier coefficients, it is a straightforward matter to recon-d¢/JE has the effect that the initial decay of the polarization
struct from Eq.(6) the stationary phase contributions to the amplitude as a function of the distanBefrom the interface
induced polarization at the belly and neck extrema. In Figsis slower than the usual inverse square law. This is easier to
2(a) and 2b) we show the separate contributions to the totalsee in Fig. &) since, in the antiferromagnetic configuration,
polarization induced in Cu in the ferromagnetic and antiferthe polarization oscillates about zero. In fact, it can be seen
romagnetic configurations arising from the belly and the fourfrom Eqg. (6) that for largedy/JE, the initial dependence of
neck extrema. The dependence of the polarization on théhe polarization on the distance from the Co/Cu interface is
distanceR from the Co/Cu interface is shown again for a Cu *1/R. Similarly, the initial dependence of the polarization
layer of N=21 atomic planes. It can be seen that the neclon the Cu layer thickness #s1/N. This is in agreement with
contribution oscillates with a short period of about 2.6the experimental results of Samagttal'’ For a Cu layer of
atomic planes and the belly contribution has a long period o1 atomic planes, the calculated induced moment at the cen-
5.7 atomic planes. In the FM configuration, there is a stronder of the Cu layer is<10™*ug . This is consistent with the
results of first-principle calculations of Ref. 17 which give

TABLE II. Fourier coefficients at the belly extremum in the FM ~10 3ug for a Cu layer of 7 atomic planes. It should be

and AF configurations. also noted that the anomalous decay of the polarization in the
Co/Cu(001) system invalidates any attempts to fit numerical
Co.m c| 1/ Iyl 9E results to the conventionat1/R? law (see, e.g., Ref. 18

The same comment applies to the analysis of any past and

FM — 2
Cgh;l 1.103< 1072 0.3015 9.153 future experimental data, which must be based on (Bg.
€10 1.103<10 0.3015 9.153 On the other hand, the derivative/ JE is small at the belly
c™ 2.145x< 102 —-1.421 8.231 - Hati

ot : . : . and, therefore, the amplitude of the belly oscillation obeys
Co1-2 6.458x 10_4 —3.137 6.538 the usual RKKY dependencel/R?.
Co1 6.458< 10 —3.137 6.538 It is also important to note that, at the neck extremum in
™2 8.451x107" 1.436 4.128 the FM configuration, the higher harmonic Fourier coeffi-
o1 1.103x 102 —2.840 9.153 cients have roughly the same magnitude as the fundamental.
o 1.103x10 2 0.301 9.153 The contribution from the non-RKKY terms to the total in-
M, 2.112x10°* —-0.020 9.718 duced moment is, therefore, large in the case of Co/Cu. It
"y 2.112x10°4 3.121 9.718 follows that, for Co/Cu, the RKKY contribution frorg 4
s 4.044<10°° 2.800 10.282 andc_, palone is a poor approximation to the full stationary
A, 4.044< 1078 —0.341 10.282 phase result6). Niklassonet al® separated numerically the

contribution of the non-RKKY terms to the total induced
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FIG. 2. Contributions to the induced momet units of /2)
arising from the belly(solid curve and neck(broken curve ex-
trema of the Cu Fermi surfacé) Ferromagnetic configuratioitb)
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FIG. 3. Dependence of the induced momeéntunits of#/2) on
the Cu spacer thicknessRt 5, in the ferromagnetic configuration.

plot in Fig. 3 the stationary phase evaluation of the induced
moment as a function of the Cu spacer thickness, for the
ferromagnetic configuration.

Finally, we return to Figs. (B) and ib) to compare the
numerical results for the total spin polarization with the sta-
tionary phase reconstruction. We recall that both the numeri-
cal and stationary phase calculations were performed at zero
temperature and fdl=21 atomic planes of Cu sandwiched
between two semi-infinite slabs of ferromagnetic Co. The
broken curves in Figs. (&) and Xb) denote the numerical
results and the solid curves are the stationary phase recon-
structions in the ferromagneti@) and antiferromagnetith)
configurations of the trilayer. Despite the relatively small
thickness of the Cu layer, there is excellent agreement in
amplitude, period, and phase fo<8R<16, which corre-
sponds to the regime in which the stationary phase approxi-
mation is valid. Naturally, the asymptotic stationary phase
formula fails near the ferromagnet-spacer interface where a

antiferromagnetic configuration. The belly contribution has beerfUmericalab initio calculation is required. The induced po-

multiplied by a factor 10.

larization is dominated by the short period contribution from

the neck and, as already discussed, contains a strong bias in

moment for a bcc Fe/Cu trilayer. They found that the non
RKKY contribution for the Fe/Cu system is relatively small.
This is in contrast to Co/Cu where the non-RKKY contribu-

the FM configuration.
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