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Exchange couplings in~001! fcc Co/Cu/Co multilayers with various thicknesses of the Co layer are exam-
ined in a realistic tight-binding model. Many sharp features~known as Fano resonances! in the reflection
amplitude as a function of energy are found, which do not exist in a one-band model. With a simplified
two-band tight-binding model, the effects of Fano resonances can be calculated accurately, and they are found
to play an important role in determining the magnetic-layer thickness dependence of the interlayer coupling.
@S0163-1829~96!01242-8#

I. INTRODUCTION

Since the discovery of the magnetic interlayer coupling in
metallic multilayers,1,2 much research has been done to un-
derstand this phenomenon. Among many theoretical studies,
a recent approach based on the reflection amplitude provides
a physically transparent picture.3,4Due to the spin splitting in
the magnetic layer, electrons with different spins in the
spacer layer are confined differently. Thus, the interlayer
coupling can be expressed with the spin asymmetry of reflec-
tion amplitudes. This picture is also consistent with spin po-
larized photoemission experiments.5,6 For thick spacer lay-
ers, the coupling strength can be estimated from reflection
amplitudes at the extremal points and the Fermi level.7 When
the magnetic layer has finite thickness, the reflection ampli-
tudes vary as functions of magnetic-layer thickness due to
the quantum interference inside the magnetic layer. Thus, the
interlayer coupling is expected to show magnetic-layer thick-
ness dependence.8–10 This prediction was experimentally
confirmed later.11,12 However, those theoretical studies on
the magnetic-layer thickness dependence are limited to free-
electron-like or one-band models. There have been realistic
calculations for the interlayer coupling, but they are either
focused on the spacer-layer thickness dependence13,14or lim-
ited to thin magnetic layers.15 In a one-band model, the re-
flection amplitude oscillates as a function of the magnetic-
layer thickness and the period is determined from the
spanning wave vector of the magnetic material. When there
are multiple bands in the magnetic layer, the Fano
resonance16 can occur and the reflection amplitude is af-
fected greatly. In this paper, we explore the case in which
there is more than one transmitted wave vector in the mag-
netic layer. We will show that the effects of Fano resonance
are significant for the magnetic-layer thickness dependence.

This paper is organized as follows. In Sec. II, we calculate
reflection amplitudes for~001! Co/Cu/Co multilayer with fi-
nite Co layer thickness. We show that the Fano resonances16

will occur in a realistic multiband model, while they do not
exist in a one-band model. In Sec. III, we present a two-band
model calculation in order to demonstrate the effects of the
Fano resonance on the interlayer coupling. A discussion is
presented in Sec. IV.

II. FANO RESONANCE IN „001… Co/Cu/Co MULTILAYERS

We shall consider the dependence on the magnetic-layer
thickness for the exchange coupling in a magnetic-multilayer
system which consists of two magnetic layers~Co! of equal
thickness,L, separated by a layer of nonmagnetic material
~Cu! with thicknessD, and spanked between two semi-
infinite slabs of the nonmagnetic material~Cu!. The inter-
layer couplingJ is defined as the total energy difference
between the ferromagnetic and antiferromagnetic configura-
tion, viz.

J5~VF2VAF!/2S, ~1!

whereV is the grand canonical potential andS is the area of
the multilayer.J can be expressed in terms ofr1 and r2

which denote reflection amplitudes for the majority and mi-
nority spin, respectively, for an electron incident from the
middle nonmagnetic~Cu! layer into the magnetic material
~Co! on either side. A crucial factor for determiningJ is the
spin asymmetry of the reflection amplitudes
Dr5(r12r2)/2. When there is only one reflected wave in
the spacer, the interlayer coupling is approximately given
by3,4,7

J52
1

p
Im(

ki
E d« f ~«!2uDr u2ei ~qzD1f!, ~2!

whereqz is the perpendicular component of the scattering
vector,ki is the wave vector parallel to the plane,« is the
electron energy,f is the Fermi-Dirac distribution, andf is
the net phase factor due to the reflection from both inter-
faces. For a large spacer thicknessD and semi-infinite mag-
netic layers, the asymptotic behavior of the interlayer cou-
pling can be obtained analytically. IfDr is a smooth function
of «, then using the stationary phase approximation, one ob-
tains at zero temperature

J5Im
\vzk
4p2D2uDr u

2ei ~qFD1f1f0!, ~3!

where vz is the average group velocity,k is the average
radius of curvature, andqF is the spanning wave vector at
the Fermi surface. QuantitiesDr andf are also evaluated at
the Fermi level. The other phase factorf0 is determined by
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the shape of the Fermi surface at the extremal point:
f050, p/2, andp for maxima, saddle points, and minima,
respectively.

In a free-electron-like model, the reflection amplitude for
the finite magnetic layer with thicknessL is

r5r`

12e2ikz8L

12r`
2e2ikz8L

, ~4!

where r` is the reflection amplitude for the semi-infinite
magnetic layer andkz8 is thez-component wave vector in the
magnetic layer. Whenur`u is small, we have

r5r`1r osc ~5!

with r osc52r`(12r`
2 )e2ikz8L. Note that the function is oscil-

latory in L due to the Fabry-Pe´rot interference effect of the
finite-thickness slab of the magnetic material.

First, we calculate the reflection amplitudes at extremal
points for ~001! fcc Co/Cu/Co multilayers using a realistic
tight-binding~TB! model withs, p3, andd5 orbitals. The TB
parameters are given in Ref. 7 and the Fermi level is taken to
be zero. For the~001! orientation, there are two different
kinds of extremal points. We denote them byki50 ~belly!
andki5kS ~neck!. The corresponding spanning vectors give
rise to a long and short oscillation period, respectively. Theo-
retically, it was shown that the shorter period has a much
bigger coupling strength due to the large magnitude of spin
asymmetry of reflection amplitudes.3,7,17Our method for cal-
culating reflection amplitudes is similar to that described in
the appendix of Ref. 7 with some modifications to make it
applicable for a trilayer system including a finite-thickness
magnetic layer.

Figure 1 displays the reflection amplitudes as functions of

energy atki50 ~left panel! andki5kS ~right panel! for dif-
ferent Co layer thicknesses (L ’s!. The solid curve is for
ur1u and dotted forur2u. ur1u for ki50 exhibits oscillatory
behavior as a function of energy, which can be explained by
the Fabry-Pe´rot effect sincekz8 is a function of energy for a
given ki @see Eq.~4!#. The striking result is thatur2u for
ki50 and ur1u for ki5kS exhibit sharp asymmetric peaks.
This is due to the Fano resonance16 which occurs when a
discrete state interacts with a continuum. This effect is quite
common in the resonant-tunneling spectra18,19 for materials
with multiple bands and it has been observed
experimentally.20 The origin for such Fano resonance is bet-
ter illustrated by examining the bulk band structures of Cu
and Co atki50 as shown in Fig. 2 of Ref. 7. In this case, the
majority-spin band of Co is similar to the Cu band and there
is only one possible transmitted wave vector~with real kz8)
near the Fermi level. As a consequence,ur1u shows a simple
Fabry-Pe´rot oscillation as a function of energy. On the other
hand, there are two possiblekz8 states of theD1 band near the
Fermi level for the Co minority-spin electron. The portion of
the band with smallerkz8 will be quantized due to the strong
confinement effect from the nonmagnetic materials on both
sides of the finite magnetic layer. A strong confinement ex-
ists for this portion of band in Co, because it has mostlyd
character~although it is connected to thes-band portion at
larger kz8), while the corresponding band in Cu near the
Fermi level has predominantlys character. The mismatch in
character leads to large reflection amplitude for electron to
go from Co to Cu and a strong confinement results. The
other portion of band~with largerkz8) will not be quantized
because it has mostlys character. The quantized states from
the portion of the Co minority band with smallerkz8 will
interfere with the continuum states of the other portion of the
band with largerkz8 giving rise to Fano resonances in the
transmission or reflection spectra for an incident electron
from the Cu layer. Such Fano resonances for finite Co layer
thicknesses do not appear in a one-band model which cannot
include the hybridization of thes andd bands. We have also
calculatedur2u versuski atE5EF and found it to be a rather
smooth function aroundki50 even when the Fano reso-
nance peak coincides with the Fermi level. Atki5kS , the
ur1u spectrum exhibits Fano resonances because there are

FIG. 1. Reflection amplitudes as functions of energy at extremal
points for~001! Cu/Co/Cu systems. The left panel is forki50 ~long
period! and the right is forki5kS ~short period!. L is the thickness
of Co layers. Solid and dotted curves are for majority and minority
spins, respectively. The Fermi level is zero.

FIG. 2. ur22r`
2u as a function of energy at extremal points

ki50 for ~001! Cu/Co/Cu systems. The thickness of Co layer is
taken asL59. The dotted curve isur`

2u for comparison.
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again two possible transmitted wave vectors for the Co mi-
nority spin, with one portion of the band being quantized via
quantum confinement. As the thickness of the magnetic layer
L increases, more sharp peaks appear and the linewidth of
the peaks becomes smaller, corresponding to more quantum
confined states in the magnetic layer. In Fig. 2, we plot
ur22r`

2u as a function of energy forki50 andL59 mono-
layers~ML’s !. Within a free-electron-like model,ur22r`

2u is
almost the same asur`

2u for small ur`
2u in Eq. ~5!. This rela-

tion holds well for energies slightly above the Fermi level
where there is only one transmitted wave.21 In contrast,
where there are two possible transmitted waves~near and
below the Fermi level!, ur22r`

2u deviates significantly from
ur`

2u. In this energy range we can definer Fano, the contribu-
tion from the Fano resonance effect which does not exist in a
one-band model, as

r Fano5r2~r`1r osc!, ~6!

wherer osc is given in Eq.~5! for the largerkz8 in Co.
The Co layer dependence of reflection amplitudes at the

two extremal points at the Fermi level is shown in Fig. 3.
Filled squares are forur1u and open circles are forur2u. At
ki50 @Fig. 3~a!#, ur1u shows a simple Fabry-Pe´rot oscilla-
tion with a period given by the spanning wave vector of the
majority electron in Co as expressed in Eq.~4!. On the other
hand,ur2u is rather irregular due to the Fano resonances and
no well-defined periods can be found. Atki5kS @Fig. 3~b!#,
despite the presence of Fano resonances,ur1u appears oscil-
latory except atL515 and 26 ML. This is because the Fano
resonance peaks are so sharp that they rarely hit the Fermi
level, whenur1u is plotted as a function of energy~see Fig.
1!. ur2u fluctuates due to the tunneling effect for thin Co
layers and it reaches one when the Co layer is sufficiently
thick. Since the interlayer coupling is obtained by integrating
uDr u2 @see Eq.~2!#, it is instructive to plotuDr u versus Co
layer thickness at the two extremal points at the Fermi level
as shown in Fig. 4. Atki50 ~filled squares!, the variation of
Dr is dominated byr2 and the Fano resonance plays a sig-
nificant role. Atki5kS ~open circles!, the fluctuation ofDr
is mainly due tor2 for thin Co layers~say,L is less than 10
ML ! and r1 for thick Co layer, which are affected by the
tunneling and the Fano resonance, respectively.

In general, whenuDr u is large at the extremal point and
the Fermi level, the corresponding interlayer coupling is
strong.7 However, whenuDr u is very large due to the Fano
resonance peak, the situation is much more complicated. In
this case,uDr u is not a smooth function around the Fermi
level and the assumption used to obtain Eq.~3! cannot be
applied. In order to calculate the interlayer exchange cou-
pling, uDr u2ei (qzD1f) needs to be integrated overE and the
linewidth of the peakDE is a crucial factor for the coupling
strength.DE changes as a function ofL and\vz /DE is of
the order of 100 Å for thin Co layers (DE;0.1 eV!. Con-
sider the case thatuDr u is sharply peaked near the Fermi
level due to the Fano resonance. ForD@\vz /DE, uDr u var-
ies rather smoothly compared witheiqzD and the coupling
strength will be much larger than the semi-infinite magnetic-
layer case. WhenD is less than\vz /DE, the Fano resonance
peak at the Fermi level will give rise to fluctuation of the
coupling strength roughly proportional toDE. Considering

the deviation ofur2r`u from ur`u in Fig. 2, we expect that
the fluctuation of the coupling strength is large enough to be
detected even for smallD. We expect the contribution of the
Fano resonance is much smaller forki5kS than for ki50
because the peaks are very sharp atki5kS in Fig. 1. AsL
increases, the Fano resonance peaks become sharper and
their contribution to the interlayer coupling will be smaller.
A quantitative analysis seems possible only by performing
accurate integration as described in Eq.~2! or a total energy
calculation with full band structures with the use of an ex-
tremely fine mesh in theki space. Such a calculation with
Co/Cu/Co systems requires too much computational effort.
Instead, we will take a simpler yet realistic model and inves-
tigate how the Fano resonances affect the interlayer coupling
in the next section.

III. MODEL CALCULATION

In order to investigate the effect of the Fano resonance
quantitatively, we perform a two-band model calculation.
For simplicity, we take a simple cubic lattice with lattice
constantc. In the kz direction, the band dispersion is ob-

FIG. 3. Reflection amplitudes as functions ofL ~the thickness of
Co layer! at extremal points and the Fermi level for~001! Cu/Co/Cu
systems.~a! ki50 ~long period! ~b! ki5kS ~short period!. Solid and
dotted curves are for the majority and minority spins, respectively.
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tained with a nearest-neighbor tight-binding model, while in
theki direction a parabolic band is assumed. The band struc-
tures in this model are obtained from the eigenvalues of the
matrix

S Es12tscoskzc1
\2ki

2

2m*
2Vsdcoskzc

2Vsdcoskzc Ed12tdcoskzc1
\2ki

2

2m*
D , ~7!

whereEs (Ed) is the on-site energy for ans-like (d-like!
orbital, ts (td) is the nearest-neighbor interaction betweens
(d) orbitals,Vsd is interaction betweens andd orbitals, and
m* is the effective mass to theki direction. The spin split-
ting of the magnetic material is given by the difference in
Ed while the other parameters are the same. Our model band
structures for the bulk magnetic material are shown in Fig. 5.
We take Es522.85 eV, Ed529.35 eV, ts523.2 eV,
td50.16 eV, andVsd52.0 eV for the majority-spin band.

For the minority spin, we takeEd521.35 eV. The effective
mass is same as the bare electron mass. Comparing Fig. 5
with Fig. 1~a! of Ref. 7, we see that the features of theD1

band near the Fermi level are reproduced nicely here in this
simple model. For convenience, the band structure for the
spacer material~Cu! is taken to be same as the majority-spin
band of the magnetic material~Co!, since the small differ-
ence between them will not cause qualitative change in the
results. Thus, we always haver150 in this model, while in
the full tight-binding model we get a finite but smallr1 near
the Fermi level~see Fig. 3 of Ref. 7!. We will consider two
cases with the Fermi levelEF50 and 2.95 eV. TheEF50
case is close to the realistic situation. Note that there are two
transmitted waves in the minority-spin band which is similar
to the situation for~001! Co/Cu/Co atki50. On the other
hand theEF52.95 eV case is similar to a free-electron-like
model near the Fermi level, which allows us to examine the
behavior of exchange coupling when the Fano resonance ef-
fect becomes negligible. We plotur2u as a function of energy
at ki50 in Fig. 6, which resemblesur2u at ki50 for the
~001! Co/Cu/Co system~Fig. 1!. As expected, we see the
Fano resonance peaks aroundE50 and only simple Fabry-
Pérot oscillations aroundE52.95 eV. We also plotur2u ver-
sus magnetic-layer thicknessL for two different Fermi levels
in Fig. 7. ForEF50, ur2u varies rather irregularly due to the
Fano resonance effect and it hits one forL57 ML. For
EF52.95 eV, a well-defined oscillation as a function of the
magnetic-layer thickness is seen, and the period is related to
the spanning wave vector of the magnetic material, just as
expected from the free-electron model. In order to see how
the Fano resonances affect the coupling strength, we evaluate
the interlayer couplingJ from Eq. ~1! by performing a total
energy calculation for superlattices within the above model.
A slab method is used to determine superlattice states. In
order to make sure that the number of particles is conserved,
we useDV rather thanV ~for the zero temperature!,

FIG. 4. Spin asymmetry of reflection amplitudes as a function of
L ~the thickness of Co layer! at extremal points and the Fermi level
for ~001! Cu/Co/Cu systems. Solid rectangles are forki50 ~long
period! and open circles are forki5kS ~short period!.

FIG. 5. Model band structures for the magnetic material at
ki50. Parabolic dispersion in the in-plane direction is assumed.

FIG. 6. Reflection amplitudes as functions of energy atki50
for the ~001! orientation model system.L is the thickness of the
magnetic layer.
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DV5(
ki

(
n,q

@En~ki ,q!2EF#Q@EF2En~ki ,q!#, ~8!

where n is the band index,q is the wave vector for the
superlattice, andQ is a Heaviside step function. Since the
parabolic dispersion is assumed in the in-plane direction, the
integration overki is done analytically, which makes it pos-
sible to calculateJ with great accuracy and efficiency.

We consider the magnetic-layer thickness dependence
first. The interlayer coupling versus the magnetic-layer thick-
nessL for a given spacer thicknessD is plotted in Fig. 8. For
bothEF50 andEF52.95 eV, the amplitude of the fluctua-
tion is comparable to that of asymptotic behavior obtained
for largeD andL with Eq. ~5!. ForEF52.95 eV@Fig. 8~b!#,
J oscillates in exactly the same way asur2u shown in Fig. 7
as predicted by the simple free-electron model. ForEF50
@Fig. 8~a!#, J is rather irregular especially for thinner mag-
netic layers~say, less than 15 ML!. J can hardly be described
by an oscillatory function with a fixed period. This is due to
the Fano resonances effect.J for a thicker spacer layer
(D522 ML! is quite different fromJ for thinner spacer lay-
ers (D55 ML or D58 ML!. In the previous section, we
argued that there are two length scales:D and\vz /DE for a
given L. For small L, D522 ML is comparable to
\vz /DE. The peaks ofJ @Fig. 8~a!# do not always coincide
with those ofur2u ~Fig. 7,EF50) sinceJ is obtained from
the integration ofur2u.

In order to investigate the effect of the Fano resonance
further, we plot in Fig. 9 the interlayer coupling as a function
of the spacer thicknessD ~takingEF50) for ~a! L54 ML,
~b! L57 ML, and~c! L519 ML. Also included for compari-
son is the asymptotic results for the caseL5` ~dotted
curve!. From Fig. 7, we noted thatur2u is almost zero at
L54 ML, and becomes large atL57 ML and L519 ML
due to the Fano resonances. First of all, we see that the
oscillation period of the interlayer coupling as a function of
the spacer-layer thickness is not affected by Fano resonance
at all. ForL54 ML @Fig. 9~a!#, the overall coupling strength
is reduced due to smallur2u. For L57 ML @Fig. 9~b!#,
ur2u is almost one and the interlayer coupling is stronger.
The interlayer coupling forL57 ML is much stronger than
that of L54 ML especially for the thick spacer layer. For

L519 ML @Fig. 9~c!#, ur2u is big but the interlayer coupling
appears very similar to the asymptotic behavior forL5`.
This is because the Fano resonance peak atE50 for
L519 ML is much sharper than that forL57 ML as shown
in Fig. 6. AsL further increases, the Fano resonance peaks
become very sharp andJ rapidly converges to theL5`
result.

IV. DISCUSSION

In the previous section, we have shown that the Fano
resonances affect the interlayer coupling strength. When the
interlayer coupling is plotted as a function of the spacer
thickness, the effect is not very pronounced, because the
change in coupling strength due to Fano resonances is com-
parable to or smaller than the amplitude of oscillation and it
does not alter the oscillatory behavior. However, the effect
shows up clearly in the magnetic-layer thickness dependence
especially when the magnetic layer is thin. The fluctuation of
the interlayer coupling as a function of magnetic-layer thick-
ness cannot be explained by a simple free-electron model.
However, since the interfaces in magnetic multilayers are
quite rough, these fluctuation of the interlayer coupling due
to the Fano resonances may be smeared out.

In Ref. 22, Castroet al. have shown that quasiperiodic
oscillations of the interlayer coupling can be obtained when
the difference in Fermi surfaces for majority and minority
spin in the magnetic material are considered. Although this

FIG. 7. Reflection amplitudes as functions of magnetic-layer
thickness atki50 and the Fermi level for our model system. Upper
panel is forEF50 and lower is forEF52.95 eV.

FIG. 8. Interlayer coupling as a function of magnetic-layer
thickness for magnetic superlattices described in our two-band
model.~a! EF50. ~b! EF52.95 eV.
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quasiperiodicity may look similar to the effect discussed in
this paper, the origin is totally different because Fano reso-
nances do not occur in their model. This can be seen easily
since they used a one-band TB model for each spin of the
magnetic material and electrons with different spins do not
mix. Thus, in their model, there is only one possible trans-
mitted wave in the magnetic layer for any incident wave
from the spacer and there is no Fano resonance as explained
in Secs. II and III. The quasiperiodic oscillations
in Ref. 22 can be explained also with reflection amplit-
udes. In their model, whenur`

1u and ur`
2u are small, the

reflection amplituder1 and r2 for a finite magnetic layer

can be expressed asr15r`
12r`

1@12(r`
1)2#eiqz8

1L and

r25r`
22r`

2@12(r`
2)2#eiqz8

2L, whereqz8
1 and qz8

2 are the

z components of the scattering wave vector in the magnetic
layer for majority and minority spin, respectively. Then, the
spin-asymmetry reflection amplitude is

~Dr !25
~r`

12r`
2!2

4
2

~r`
12r`

2!r`
1

2
eiqz8

1L

1
~r`

12r`
2!r`

2

2
eiqz8

2L, ~9!

while higher order terms in the reflection amplitudes and
more rapidly oscillating terms are neglected. The interlayer
coupling can be obtained by inserting the above equation
into Eq. ~2!. Therefore, the interlayer coupling as a function
of the magnetic-layer thickness is a superposition of two
smoothly oscillating functions with different periods. The su-
perposition of two different periods gives rise to a beating
effect, which is the origin of the quasiperiod of Ref. 22.
Especially when the difference of two periods is large and
one period is very short as in the figures of Ref. 22, the result
may look rather irregular. This is partly due to the aliasing
effect. Note that still the result can be expressed by the sum
of two sinusoidal functions. Now, we consider under what
circumstances this quasiperiod will show up experimentally.
First, both ur`

1u and ur`
2u should be big enough. If one of

them is much smaller than the other, only one period will
dominate and the beating effect will not be observed. Thus,
the quasiperiod can be detected only whenr`

1 and r`
2 both

have large magnitudes and they are almost out of phase, a
condition not easily satisfied. For most cases of strong inter-
layer coupling, the reflection is big for one spin and small for
the other. Also if a total reflection occurs for one spin, there
is no magnetic layer thickness dependence for this spin un-
less the magnetic layer is thin enough for the tunneling to
occur. Moreover, one period needs to be much different from
the other. If they are close, the overall period will be given
by the average of the two periods and the beating effect will
not show up unless the interlayer coupling is measured up to
a very thick magnetic layer. As an example, we consider
~001! Co/Cu/Co systems. Atki50, ur`

1u is smaller than
ur`

2u ~Refs. 3 and 7! and two periods are very close. At
ki5kS , a total reflection occurs for minority spin and the
magnetic-layer thickness dependence will be dominated only
by r1 unless the magnetic layer is extremely thin. Therefore,
we do not expect the quasiperiodic oscillation discussed in
Ref. 22 to show up in~001! Co/Cu/Co systems.

Unlike the quasiperiod in Ref. 22, the contribution from
the Fano resonance cannot be expressed by an oscillatory
function with a period. It can be further illustrated by exam-
ining the~001! Co/Cu/Coki50 case in Sec. II and also our
model in Sec. III. For minority spin only, there are two pos-
sible transmitted waves~corresponding to two different
points on the Fermi surface!. However, r2 cannot be ex-
pressed as a sum of two oscillating functions. Ifr2 could be
expressed in this way,ur22r`

2u in Fig. 2 would be almost
the same asur`

2u since the transmission to the band with
smaller kz8 is negligible. Instead, it was expressed as

r25r`
22r`

2@12(r`
2)2#eiqz8L1r Fano in Eq. ~6!, whereqz8 is

twice of the largerkz8 and r Fano mainly consists of sharp
peaks. As pointed out already in Sec. II, this is because the

FIG. 9. Interlayer coupling as a function of spacer thickness for
magnetic superlattices described in our two-band model with
EF50. ~a! L54 ML, ~b! L57 ML, ~c! L519 ML. The dotted
curve is the asymptotic behavior forL5`.
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portion of band with smallerkz8 has mostlyd character while
the incident wave has predominantlysp character. This por-
tion of band plays a negligible role for the semi-infinite mag-
netic layer. For the finite magnetic layer, this portion is quan-
tized and interacts with the continuum states of the other
portion of the band with largerkz8 This gives rise to sharp
peaks known as Fano resonances, instead of another periodic
function. In the cases we are considering, the Fano resonance
happens only for minority spin and the spin-asymmetry re-
flection amplitude is given in a form similar to Eq.~9!:

~Dr !25
~r`

12r`
2!2

4
2

~r`
12r`

2!r`
1

2
eiqz8

1L

1
~r`

12r`
2!r`

2

2
eiqz8

2L2
r`

12r`
2

2
r Fano

2 . ~10!

In Sec. II, it is shown thatr Fano
2 consists of sharp peaks and is

not periodic. The contribution of Fano resonances to the in-
terlayer coupling is considerable when the peaks hit the
Fermi level at the extremal points and the linewidth is big.
The peaks are rather sharp and they hit the Fermi level in an
almost random fashion. Thus, the contribution as a function
of magnetic-layer thickness is pretty much irregular and it
cannot be expressed in an analytical form. As the magnetic-
layer thickness increases, the linewidth decreases rapidly as
shown in Figs. 1 and 6. We expect that the Fano resonance
effect can show up for relatively thin magnetic layers and it
will disappear for thick magnetic layers. However, the mag-
netic layers treated in experiments are considered to be thin
enough for the Fano resonance effect to be detected. Even
when there are multiple bands, if the other wave vectors are
forbidden due to different symmetry, or if the other bands are
immersed below the Fermi level, there is only one possible
transmitted wave at the Fermi level in the magnetic layer for
each spin. If this happens for the both spins, there is no Fano
resonance and the situation will be qualitatively the same as
that of Ref. 22.

There are few experiments available on the magnetic-
layer thickness dependence of the interlayer coupling. In
Ref. 11, the interlayer coupling in the fcc~001! Co/Cu/Co

multilayers was measured as a function of Co thickness up to
about 20 Å. The coupling strength for fcc~001! Co/Cu/Co
multilayers greatly depends on the sample quality.23,24 The
interlayer coupling measured in Ref. 11 is still much weaker
than theoretically predicted one7,14 and it is not clear which
spanning vector dominates the experimental data. In Sec. II,
the fluctuation ofuDr u with respect to the Co layer is domi-
nated by the Fano resonance effect atki50 and by the tun-
nelling effect for thin Co layers atki5kS . In Ref. 11, when
the Co layer is thicker than 10 Å, the interlayer coupling
fluctuates rather irregularly. This may be due to the Fano
resonances. On the other hand, fluctuation at thin Co layers
may be due to the tunneling. For a quantitative comparison,
an accurate full band calculation seems necessary for the
~001! Co/Cu/Co multilayers.

In contrast, well-defined oscillations were observed in Fe/
Au/Fe multilayers25 when the interlayer coupling was mea-
sured as a function of the Fe thickness. The Fermi surface of
Au is very similar to that of Cu. At the Fermi level and
ki50, there is only one band for Au. Since bands with the
same symmetry (D1) are not available for Fe majority spin
and there is one for Fe minority spin around the Fermi level
at ki50, strong interlayer coupling is expected for the cor-
responding extremal vector of Au. This extremal vector
gives rise to a long period. Considering the short period is
easily suppressed by the interface roughness, we expect that
the interlayer coupling versus Au layer in Fe/Au/Fe will be
dominated by the long period. Since there is only one pos-
sible transmitted wave for the Fe minority spin at the Fermi
level and ki50, no Fano resonance effect exists for this
extremal point. Thus, a well defined oscillatory behaviour as
a function of the magnetic-layer thickness is expected, which
accounts for the experimental observation.

ACKNOWLEDGMENTS

This work was supported by Office of Naval Research
under Contract No. N00014-90-J-1267 and the University of
Illinois Materials Research Laboratory through Contract No.
NSF/DMR-89-20538.

*Present address: Department of Electrical and Computer Engi-
neering, North Carolina State University, Raleigh, NC 27695-
7911.

1P. Grünberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H. Sow-
ers, Phys. Rev. Lett.57, 2442~1986!.

2S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rev. Lett.64,
2304 ~1990!.

3P. Bruno, Phys. Rev. B52, 411 ~1995!.
4M. D. Stiles, Phys. Rev. B48, 7238~1993!.
5K. Garrison, Y. Chang, and P. D. Johnson, Phys. Rev. Lett.71,
2801 ~1993!.

6C. Carbone, E. Vescovo, O. Rader, W. Gudat, and W. Eberhardt,
Phys. Rev. Lett.71, 2805~1993!.

7B. Lee and Y.-C. Chang, Phys. Rev. B.52, 3499~1995!.
8J. Barna´s, J. Magn. Magn. Mater.111, L215 ~1992!.
9P. Bruno, Europhys. Lett.23, 615 ~1993!.
10S. Krompiewski, J. Magn. Magn. Mater.140-144, 515 ~1995!.
11P. J. H. Bloemenet al., Phys. Rev. Lett.72, 764 ~1994!.

12S. N. Okuno and K. Inomata, Phys. Rev. Lett.72, 1553~1994!.
13M. van Schilfgaarde and F. Herman, Phys. Rev. Lett.71, 1923

~1993!; M. van Schilfgaarde, F. Herman, S. S. S. Parkin, J.
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