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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/Cu/Co~001! trilayer described
by tight-binding bands fitted to anab 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 discussed.@S0163-1829~99!06309-2#
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Oscillatory exchange coupling between two ferroma
netic layers separated by a nonmagnetic metallic sp
layer1 is one of the rare manifestations of quantum interf
ence effects in a metallic system structured on a nanom
length scale. It was proposed early on by Edwards
co-workers2,3 that the oscillatory exchange coupling is due
size quantization of the energy of electrons confined in
quantum well by the spin-dependent potentials of the m
netic layers. For large spacer layer thicknesses ('10 atomic
planes!, an analytic formula for the coupling has bee
derived.2–4 The asymptotic formula is based on the statio
ary phase approximation and is referred to as analytic qu
tum well ~AQW! formula. It allows us to determine the os
cillation periods, amplitudes and rate of decay of t
coupling unambiguously and relate them to the details of
band structures of the ferromagnets and nonmagnetic sp
Applications of the AQW theory2–4 using a realistic band
structure5–7 lead to oscillation periods and amplitudes of t
coupling that are in agreement with numerical total ene
calculations6,8–12and also with experimental results for mu
tilayers with noble metal spacers.13 The photoemission ex
periments of Ortega and Himpsel14,15 and Segoviaet al.16

confirm the energy quantization of electrons confined in
nonmagnetic spacer layer.

Although it is assumed implicitly that quantum confin
ment of electrons leads also to oscillations of the spin den
in the spacer layer, the spin density has never been anal
analytically. The induced moment in a nonmagnetic spa
has been calculated numerically.17–19 A very small moment
induced in Cu at the Co/Cu interface was previously detec
by Samantet al.17 and Pizziniet al.20 using circular dichro-
ism and by Jinet al.21 using NMR. However, as in the cas
of oscillatory exchange coupling, such numerical calcu
tions are computationally very demanding and do not all
explicit separation of oscillatory components arising fro
different extremal portions of the spacer Fermi surface~FS!.
PRB 590163-1829/99/59~9!/6344~7!/$15.00
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The purpose of this paper is to apply the stationary ph
method of the AQW theory6 to calculate analytically the spin
density in a nonmagnetic spacer layer sandwiched betw
two ferromagnets~trilayer!. We demonstrate that the period
of oscillations of the induced moment are determined by
extremal radii of the bulk spacer Fermi surface. The am
tudes and asymptotic decay of oscillations depend on
curvature and the velocity of carriers at the Fermi surfa
extremal points, and on the matching between the ferrom
net and spacer bands. We apply the formula to Co/
Co~001! trilayer and analyze the periods and amplitudes
the contributions arising from the different extrema of the
Fermi surface.

We consider a trilayer consisting of two semi-infinite fe
romagnets separated by a nonmagnetic spacer layerN
atomic planes. The magnetizations of the magnetic layers
assumed to be either parallel or antiparallel and the s
quantization axis is chosen in the direction of thez axis. It is
convenient to work in a mixed representation which
Bloch-like in the direction parallel to the planes of th
trilayer and atomiclike in the perpendicular direction. Ele
tronic states are, therefore, labeled by the plane indexR

51, . . . ,N, wave vectorkW i parallel to the layers, orbital in-
dexm ~for transition/noble metals,m51, . . . ,9), and thespin
index s. We describe the electronic structure of the trilay
using a tight-binding parametrization of anab initio band
structure. However, it will be seen that the implementation
the stationary phase theory relies only on the periodic
~quasiperiodicity! of the one-electron Green’s function. Th
property is common to the tight-binding method we us
LMTO tight-binding,8 and layer KKR methods10 since they
are all formulated in terms of local one-electron Gree
functions. It is, therefore, immaterial which one of the
methods one chooses as long as the one-electron energ
the trilayer are correctly reproduced. We stress, howe
that the AQW formalism for the induced moment is not va
6344 ©1999 The American Physical Society
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for small spacer thicknesses and close to the ferromag
spacer interfaces, where a full numericalab initio calculation
is required. As in the case of oscillatory exchange coupli
electron-electron interactions are neglected in the spacer
the method is, therefore, not applicable to highly polariza
spacers such as Pd.

At zero temperature, the total spin polarization per at
P(R,N) in an atomic planeR induced in a spacer ofN
atomic planes is given by

P~R,N!52
\

2pNi
Im Tr (

kW i

E
2`

EF
@G↑~R,N,E,kW i!

2G↓~R,N,E,kW i!#dE, ~1!

whereGs(R,N,E,kW i) is the diagonal matrix element~in the
plane indexR) of the one-electron Green’s function,Ni is
the number of atoms in any atomic plane parallel to
trilayer, EF is the Fermi energy, the trace is over all atom
orbitals, and the sum is over the two-dimensional Brillou
zone. It should be noted thatGs(R,N,E,kW i) is a matrix
whose size is determined by the number of orbitals emplo
in the tight-binding parametrization~we use the convention
that all the matrices are denoted by bold letters!.

To calculate the local one-electron Green’s function in
atomic planeR, it is convenient6 to separate the trilayer into
two independent overlayers ofR atomic planes on the lef
ferromagnet andN-R atomic planes on the right ferromag
net. This is achieved by turning off electron hopping b
tween the atomic planesR and R11. We then proceed a
follows. The surface Green’s functions of the left and rig
semi-infinite ferromagnets are first determined by the a
lytical method of Umerski22 and then the left and right over
layers of the spacer material are deposited plane by p
using the method of adlayers6 or that of Ref. 22. After each
deposition, the surface Green’s function is updated from
Dyson equation. Finally, the trilayer is reconnected
switching on the electron hopping matrixt(kW i) between the
planesR andR11. The exact Green’s functionGs(R,N) in
the planeR is obtained from the Dyson equation

@Gs~R,N!#215@gl
s~R!#212t†~kW i!gr

s~N2R!t~kW i!, ~2!

where we use the convention that capital letters den
Green’s functions of the connected system and lower-c
letters those of the cleaved system~the explicit dependence
on E andkW i has been suppressed!. In particular,gl

s(R) is the
surface Green’s function of the left overlayer andgr

s(N
2R) that of the right overlayer. It should be noted that E
~2! applies both to the ferromagnetic and antiferromagn
configurations of the magnetic layers but, in the latter ca
gr

s(N2R) needs to be replaced bygr
2s(N2R).

Equations~1! and ~2! can be used to determine the loc
spin moment numerically, and the numerical results for C
Cu~001! trilayer will be discussed later. However, Eqs.~1!
and ~2! are also the starting point for calculating the loc
moment analytically using the stationary phase method.
plication of the stationary phase method is based on the
servation that the surface Green’s function~spectral density!
gl

s(R) of an overlayer ofR atomic planes of the spacer m
terial on a semi-infinite substrate is a periodic or quasip
et/
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odic function of the overlayer thicknessR. This result is
proved rigorously in Ref. 22. For simplicity, we restrict ou
selves in this paper to the case of an overlayer in which th
is only one band intersecting the Fermi surface for eachkW i .
This is satisfied for the Cu~001! spacer. In this case, th
surface Green’s function is strictly periodic.22 Since this ap-
plies to the left and right independent overlayers,gl

s(R) is
periodic in the variableR and gr

s(N2R) in the variableN
2R, both functions having the same periodp/k' , wherek'

is obtained by solving the bulk spacer dispersionE(k' ,kW i)
5EF . It follows from Eq. ~2! that the Green’s functionGs

of the connected trilayer can be regarded as a periodic fu
tion of two independent variablesR andS5N2R.

Introducing r5(21/p) Tr@G↑2G↓#, we can write the
spin polarization in an atomic planeR of the spacer in the
form

P~R,S!5
\

2Ni
Im (

kW i

E
2`

EF
r~R,S,E,kW i!dE. ~3!

Since r is a periodic function of two variables, it can b
expanded in a double Fourier series inR andS. Writing the
Fourier coefficients in complex form cn,m(E,kW i)
5ucn,m(E,kW i)uexp@icn,m(E,kWi)#, we obtain

r5(
n,m

ucn,m~E,kW i!uei [fn,m~E,kW i !1cn,m~E,kW i !] , ~4!

where fn,m5@(R21/2)n1(S11/2)m#2k'(E,kW i)d, with d
the interplanar distance. The plane indicesR,S in the Fourier
expansion~4! have been shifted by21/2 and11/2, respec-
tively, to enforce symmetry~antisymmetry! on the Fourier
coefficientscn,m5cm,n(2cm,n) in the ferromagnetic~antifer-
romagnetic! configuration of the magnetic layers. Such
shift is necessary since the form of the Dyson equation~2!
implies that we calculate the local Green’s function in t
atomic plane immediately to the left of the cleavage plane
follows that, depending on whether the configuration of t
magnetic layers is parallel or antiparallel, the polarization
the connected trilayer satisfiesP(R,S)56P(S11,R21).

Substituting the Fourier expansion~4! in Eq. ~3!, we ob-
tain

P~R,S!5
\

2Ni
Im (

n,m
(
kW i

E
2`

EF
ucn,m~E,kW i!u

3ei [fn,m~E,kW i !1cn,m~E,kW i !]dE. ~5!

Since the dependences of the polarization on the distanR
from the ferromagnet-spacer interface and on the spa
thicknessN are now contained entirely in the phase fac
fn,m , Eq. ~5! is in a form to which the stationary phas
approximation is readily applicable~see Ref. 6!. We first
note that the polarization at the center of an infinitely thi
nonmagnetic spacer must vanish. It follows thatc0,050, i.e.,
the Fourier expansion~5! does not involve a constant term
All the terms in Eq.~5! contain, therefore, an imaginary ex
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ponential which, for largeR and S, oscillates rapidly as a
function of E andkW i , leading to cancellations in the energ
and kW i-space integrals. Both the energy andkW i-space inte-
grals can, therefore, be evaluated using the stationary p
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approximation. The evaluation of such integrals is describ
in Ref. 6 and it is easy to show that each stationary poin
the spacer Fermi surface makes the following contribution
the local polarization:
P~R,N!52
\A

8pNi
Re(

n,m

tm* ucn,muei $[ ~n2m!~R21/2!1mN]2k'd1cn,m%

du~n2m!~R21/2!1mNu$]cn,m /]E12d@~n2m!~R21/2!1mN#]k' /]E%
, ~6!
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whereA is the surface area of the trilayer and we have
verted from the variableS to the spacer layer thicknessN
(N5R1S). The quantity m* 5u(]2k' /]kx

2)(]2k' /
]ky

2)u21/2 is the curvature of the spacer Fermi surface at

stationary pointkW i
0 , t5 i when the arguments in the tw

Gaussian integrals are positive,t52 i when they are nega
tive, andt51 when the arguments have opposite signs.
recall that the perpendicular wave vectork' , Fourier coeffi-
cientscn,m , their phasecn,m , and all the derivatives in Eq
~6! are evaluated atE5EF and at the stationary pointkW i

5kW i
0 . When there is more than one stationary point, the c

tributions of all such points to the polarization need to
added up.

The stationary phase formula~6! for the induced spin po-
larization resembles closely the analytic formula for coupl
obtained in the quantum well theory of oscillatory exchan
coupling.6 As in the case of coupling, the induced polariz
tion oscillates with periodsp5p/k'

0 that are determined by
the extremal radiik'

0 of the bulk spacer Fermi surface. Th
oscillation amplitude is governed by the curvaturem* of the
spacer Fermi surface, and by the magnitudeucn,mu of the
Fourier coefficients of the spectral density. The latter
pends on the degree of confinement of electrons in the sp
quantum well. The rate of decay is determined by the inve
Fermi velocity ]k'/]E and the energy derivative of th
phase of the Fourier coefficients]cn,m /]E. All these factors
are common to the induced polarization and oscillatory
change coupling, which is natural since the two effects a
of course, closely related. However, the fundamental diff
ence between the induced polarization and oscillatory
change coupling is that the polarization depends in an os
latory manner both on the spacer thicknessN and on the
distanceR from the ferromagnet spacer interface whereas
coupling is an oscillatory function of the spacer thickne
only.

We now turn to the dependences of the induced spin
larization on the distanceR from the ferromagnet-spacer in
terface and on the spacer layer thicknessN. To clarify these
dependences, some preliminary discussion of the behavio
the Fourier coefficientscn,m is required. We recall thatc0,0
50, which is due to the fact that the polarization vanishes
the center of an infinitely thick spacer. Using a straightf
ward generalization of the arguments given in Ref. 23 for
case of oscillatory exchange coupling, one can further pr
that cn,n , cn,n11 , and cn11,n are the only nonzero coeffi
cients in the Fourier expansion of the spectral density.
addition, cn,m5cm,n is obtained in the ferromagnetic cas
-
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and cn,m52cm,n holds in the antiferromagnetic case. W
shall refer to these results as selection rules forcn,m .

To understand the physical significance of the select
rules for cn,m , consider the spin polarization induced in
semi-infinite nonmagnetic metal in contact with a sem
infinite ferromagnet. This situation is described by Eq.~6! in
the limit N→`, in which case the trilayer reduces to tw
noninteracting interfaces. It is obvious from simple physic
considerations that the induced polarization is nonzero in
vicinity of the interfaces. It is clear from Eq.~6! that, forN
→`, nonzero polarization arises only from the terms w
m50. Combining this result with the above selection rul
for cn,m , we find that the polarization induced by an isolat
interface is governed by a single Fourier componentc0,21
~or c21,0), for each extremal point of the spacer FS.„Nega-
tive values of the indexn occur because of the form chose
for the Fourier expansion of the spin density@Eq. ~4!#.… This
is clearly the expected Ruderman-Kittel-Kasuya-Yos
~RKKY ! or Friedel oscillation of the spin density. It shou
be noted, however, that RKKY cannot predict the corr
amplitude of the induced polarization since it depends o
mismatch between the ferromagnet-spacer potentials at
interface, i.e., on the details of the band structure which
reflected in the magnitude ofc0,21(c21,0).

For finite spacer thickness~trilayer!, interference of elec-
tron waves reflected from the right and left interfaces occ
and higher-order non-RKKY componentscn,m come into
play. The stationary phase formula~6! allows us to study the
dependence of the polarization on the distanceR from an
interface for a fixed spacer thicknessN, or the dependence o
N for a fixed R. Sincecn,nÞ0 holds in the ferromagnetic
configuration, the diagonal termsn5m in Eq. ~6! may lead
to a bias~positive or negative! in the R dependence of the
polarization. The bias, which occurs only in the ferroma
netic configuration, is determined by the spacer thicknesN
and is entirely due to non-RKKY contributions. Converse
since cn,0Þ0, there is a bias in theN dependence of the
polarization and the bias is now determined by the posit
of the planeR where the polarization is observed. It shou
be noted that a bias in theN dependence may occur both
the ferromagnetic and antiferromagnetic configurations.
nally, as in the case of oscillatory exchange coupling,6 the
presence of the term]cn,m /]E in the denominator in Eq. 6
has the effect that the expected inverse square law for
decay of the polarization is not always obeyed. F
]cn,m /]EÞ0, deviations from the inverse square law m
occur even for an isolated interface where one would n
mally expect the usual RKKY dependence}1/R2.
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We now illustrate all these general features by calculat
the induced polarization in a Co/Cu/Co trilayer grown in t
~001! direction. The Co/Cu/Co system was chosen for t
reasons. Firstly, it allows us to test the accuracy of our a
lytical stationary phase calculation of the induced polari
tion for a realistic system. The second reason is that
polarization induced in the Cu spacer is highly relevant
the oscillatory exchange coupling we have already calcula
for this system.6

We considerN ~001! atomic planes of Cu sandwiche
between two semi-infinite layers of ferromagnetic fcc Co.
small lattice mismatch between Cu and Co is neglected.
Co/Cu interfaces in the trilayer are assumed to be perfect
we use the same tight-binding parametrization of the b
structure of the Co/Cu/Co trilayer as in our previo
calculation6 of the oscillatory exchange coupling. The read
is referred to Ref. 6 for details. We merely mention here t
our tight-binding parameters were obtained from fits to anab
initio band structure of bulk Cu made b
Papaconstantopoulos24 and from our own fits to the ban
structure of Janaket al.25 for bulk ferromagnetic fcc Co.
Such a parametrization is expected to be accurate only
away from the interfaces. However, in the case of C
Cu~001! considered here, LMTO calculations26 show that it
is an excellent approximation to use bulk Co and Cu pot
tials right up to the interfaces. The fits are based ons, p, and
d orbitals and hopping up to second nearest neighbors
follows that the hopping matrixt, the surface Green’s func
tions g, and the trilayer Green’s functionsG in Eqs.~1! and
~2! are all 18318 matrices. The trilayer Green’s function
were constructed following the general strategy outlined e
lier. The procedure for a multiorbital band structure is d
scribed in detail in Refs. 6,22. We adopted the method
Ref. 22 to determine the Green’s functionsG↑ andG↓.

The numerical calculation of the total spin polarizati
per atomP(R,N) proceeds by direct numerical evaluation
Eq. ~1!. The energy integral is performed in the compl
plane and thekW i-space sum over the two-dimensional~2D!
Brillouin zone. Typically, 40 energy points and up
250 000kW i points in the 2D Brillouin zone are needed
achieve convergence.

In Fig. 1 we show the polarizations induced in a Cu lay
of N521 atomic planes for the ferromagnetic~a! and anti-
ferromagnetic~b! configurations of the Co layers. The bro
ken curves denote the numerical results computed for no
teger thicknesses of the Cu spacer, while the circles indi
the physically meaningful values of the polarization at in
ger numbers of atomic planes. For this particular value of
spacer thickness, the bias of the polarization is clearly vis
in the ferromagnetic configuration.

We now discuss the stationary phase calculation of
induced polarization. This proceeds by evaluation of Eq.~6!.
We recall that the right-hand side of this equation is eva
ated at the stationary pointskW i

0 of the perpendicular wave
vectork' and at the Fermi energyEF . Since the Fermi sur-
face of Cu has a single sheet in the layer growth directi
the stationary points coincide with the stationary points
the bulk Cu Fermi surface in the@001# direction, i.e., they are
identical with the stationary points that govern oscillato
exchange coupling.27,6 There are two such points~in the ir-
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reducible segment of the Brillouin zone! traditionally re-

ferred to as the belly@i.e., theG point kW i
b5(0,0)#, and the

neck @which occurs atkW i
nd5(2.53,2.53)#.

We begin the evaluation of Eq.~6! with the terms that
depend on the Cu Fermi surface only. These are the osc
tion period p5p/k'

0 ~measured in numbers of atom
planes!, Fermi surface curvaturem* , the ‘‘inverse Fermi ve-
locity’’ ]k' /]E, and the factort. The values of all these
parameters for the belly and neck extrema of the Cu Fe
surface are given in Table I.

The next ingredient is the calculation of the Fourier co
ficients ucn,mu and their phasescn,m . The Fourier coeffi-
cients depend on the degree of confinement of electron
the Cu quantum well6 and it will be seen that they are th
most important factor that determines the amplitude of
larization oscillations. The Fourier coefficients are defined
the expansion of the~complex! local density of statesr, via
Eq. ~4!, and can be determined by one of two methods. T

FIG. 1. Dependence of the moment per surface atom induce
the Cu spacer on the distanceR from the left Co/Cu interface~in
units of \/2). The solid circles~broken curves! are the results ob-
tained from a direct numerical evaluation of Eq.~1!. The solid
curves are the stationary phase results calculated from Eq.~6!. ~a!
Ferromagnetic configuration;~b! antiferromagnetic configuration.
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first method is numerical and relies on evaluatingr(R,S)
over a uniform two-dimensional grid in the (R,S) space and
then taking a fast Fourier transform. It should be noted t
this method requires the knowledge ofr(R,S) for fractional
values ofR andS, which means that we need to construct o
Green’s functions by the method of Ref. 22. The seco
method is analytical and is very similar to that used in
Fourier analysis of the oscillatory exchange coupling. T
method is described in detail in Ref. 23. We merely point
that, using the analytical approach, it can be proved rig
ously that all the Fourier coefficientscn,m are related and can
be calculated analytically from the Hamiltonian matrix e
ments. Moreover, one can further prove thatcn,n , cn,n11 ,
and cn11,n are the only nonzero coefficients. The selecti
rules and the actual values of the Fourier coefficients
confirmed by the numerical fast Fourier transform meth
Tables II and III give the values at the belly and neck e
trema of the modulus, argument, and energy derivative of
argument of some of the lowest Fourier coefficients in
ferromagnetic~FM! and antiferromagnetic~AF! configura-
tions.

Armed with the Cu Fermi surface parameters and
Fourier coefficients, it is a straightforward matter to reco
struct from Eq.~6! the stationary phase contributions to t
induced polarization at the belly and neck extrema. In F
2~a! and 2~b! we show the separate contributions to the to
polarization induced in Cu in the ferromagnetic and antif
romagnetic configurations arising from the belly and the fo
neck extrema. The dependence of the polarization on
distanceR from the Co/Cu interface is shown again for a C
layer of N521 atomic planes. It can be seen that the ne
contribution oscillates with a short period of about 2
atomic planes and the belly contribution has a long period
5.7 atomic planes. In the FM configuration, there is a stro

TABLE I. Cu Fermi surface parameters.

ki
0

Period p
~number of atomic planes! m* (Å) 21

]k' /]E
(RyÅ)21 t

Belly 5.7 0.393 21.583 2 i
Neck 2.6 0.298 22.057 1

TABLE II. Fourier coefficients at the belly extremum in the FM
and AF configurations.

cn,m ucu c ]c/]E

c0,21
FM 1.10331022 0.3015 9.153

c21,0
FM 1.10331022 0.3015 9.153

c21,21
FM 2.14531022 21.421 8.231

c21,22
FM 6.45831024 23.137 6.538

c22,21
FM 6.45831024 23.137 6.538

c22,22
FM 8.45131024 1.436 4.128

c0,21
AF 1.10331022 22.840 9.153

c21,0
AF 1.10331022 0.301 9.153

c21,22
AF 2.11231024 20.020 9.718

c22,21
AF 2.11231024 3.121 9.718

c22,23
AF 4.04431026 2.800 10.282

c23,22
AF 4.04431026 20.341 10.282
t

r
d
e
e
t
r-

re
.
-
e

e

e
-

.
l
-
r
e

k

f
g

bias in the case of the short period. This bias is due to
fact that the Fourier coefficientscn,n are nonzero and large

The amplitude of the short period contribution is a fac
of about 20 larger than that of the long period oscillatio
both in the ferromagnetic and antiferromagnetic configu
tions. The physical mechanism which causes such a la
difference in the neck and belly amplitudes is the same as
oscillatory exchange coupling, i.e., full confinement of t
minority-spin carriers at the Cu Fermi surface necks.6 This is
also the reason why the energy derivative of the ph
]c/]E is so large at the neck extremum.6 A large derivative
]c/]E has the effect that the initial decay of the polarizati
amplitude as a function of the distanceR from the interface
is slower than the usual inverse square law. This is easie
see in Fig. 2~b! since, in the antiferromagnetic configuratio
the polarization oscillates about zero. In fact, it can be s
from Eq. ~6! that for large]c/]E, the initial dependence o
the polarization on the distance from the Co/Cu interface
}1/R. Similarly, the initial dependence of the polarizatio
on the Cu layer thickness is}1/N. This is in agreement with
the experimental results of Samantet al.17 For a Cu layer of
21 atomic planes, the calculated induced moment at the
ter of the Cu layer is'1024mB . This is consistent with the
results of first-principle calculations of Ref. 17 which giv
'1023mB for a Cu layer of 7 atomic planes. It should b
also noted that the anomalous decay of the polarization in
Co/Cu~001! system invalidates any attempts to fit numeric
results to the conventional}1/R2 law ~see, e.g., Ref. 18!.
The same comment applies to the analysis of any past
future experimental data, which must be based on Eq.~6!.
On the other hand, the derivative]c/]E is small at the belly
and, therefore, the amplitude of the belly oscillation obe
the usual RKKY dependence}1/R2.

It is also important to note that, at the neck extremum
the FM configuration, the higher harmonic Fourier coef
cients have roughly the same magnitude as the fundame
The contribution from the non-RKKY terms to the total in
duced moment is, therefore, large in the case of Co/Cu
follows that, for Co/Cu, the RKKY contribution fromc0,21
andc21,0 alone is a poor approximation to the full stationa
phase result~6!. Niklassonet al.19 separated numerically th
contribution of the non-RKKY terms to the total induce

TABLE III. Fourier coefficients at the neck extremum in the F
and AF configurations.

cn,m ucu c ]c/]E

c0,21
FM 0.2778 20.9445 61.457

c21,0
FM 0.2778 20.9445 61.457

c21,21
FM 2.3858 20.1178 117.338

c21,22
FM 0.2871 0.6203 177.235

c22,21
FM 0.2871 0.6203 177.235

c22,22
FM 2.3645 1.3500 236.586

c0,21
AF 0.2778 2.197 61.457

c21,0
AF 0.2778 20.944 61.457

c21,22
AF 2.97031022 21.407 119.586

c22,21
AF 2.97031022 1.735 119.586

c22,23
AF 3.17531023 1.272 177.715

c23,22
AF 3.17531023 21.869 177.715
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moment for a bcc Fe/Cu trilayer. They found that the no
RKKY contribution for the Fe/Cu system is relatively sma
This is in contrast to Co/Cu where the non-RKKY contrib
tions to the oscillation amplitude at the center of the Cu la
is more than 25% of the total. More importantly, the lar
bias seen in Fig. 1 is due entirely to the non-RKKY term
To see how this bias depends on the spacer thickness

FIG. 2. Contributions to the induced moment~in units of \/2)
arising from the belly~solid curve! and neck~broken curve! ex-
trema of the Cu Fermi surface.~a! Ferromagnetic configuration;~b!
antiferromagnetic configuration. The belly contribution has be
multiplied by a factor 10.
.

J

ns
-

r

.
we

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

Finally, we return to Figs. 1~a! and 1~b! to compare the
numerical results for the total spin polarization with the s
tionary phase reconstruction. We recall that both the num
cal and stationary phase calculations were performed at
temperature and forN521 atomic planes of Cu sandwiche
between two semi-infinite slabs of ferromagnetic Co. T
broken curves in Figs. 1~a! and 1~b! denote the numerica
results and the solid curves are the stationary phase re
structions in the ferromagnetic~a! and antiferromagnetic~b!
configurations of the trilayer. Despite the relatively sm
thickness of the Cu layer, there is excellent agreemen
amplitude, period, and phase for 5,R,16, which corre-
sponds to the regime in which the stationary phase appr
mation is valid. Naturally, the asymptotic stationary pha
formula fails near the ferromagnet-spacer interface wher
numericalab initio calculation is required. The induced po
larization is dominated by the short period contribution fro
the neck and, as already discussed, contains a strong bi
the FM configuration.
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stimulating discussions. The support of the Engineering
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n

FIG. 3. Dependence of the induced moment~in units of\/2) on
the Cu spacer thickness atR55, in the ferromagnetic configuration
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