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Effects of Fano resonances on the interlayer coupling in magnetic multilayers
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Exchange couplings if001) fcc Co/Cu/Co multilayers with various thicknesses of the Co layer are exam-
ined in a realistic tight-binding model. Many sharp featufksown as Fano resonanges 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.
[S0163-18296)01242-9

I. INTRODUCTION II. FANO RESONANCE IN (001) Co/Cu/Co MULTILAYERS

Sj the di f1h tic interl ling i We shall consider the dependence on the magnetic-layer
Ince the discovery ot the magnetc interiayer Coupiing Ny ness for the exchange coupling in a magnetic-multilayer

metallic multilayers:? much research has been done to un'system which consists of two magnetic lay&@®) of equal
derstand this phenomenon. Among many theoretical StUdieﬁqickness,L, separated by a layer of nonmagnetic material

a recent approach based on the reflection amplitude provideg ) \ith thicknessD, and spanked between two semi-
a physically transparent pictufé.Due to the spin spliting in  jnfinite slabs of the nonmagnetic materi@u). The inter-
the magnetic layer, electrons with different spins in thejayer couplingJ is defined as the total energy difference

spacer layer are confined differently. Thus, the interlayeletween the ferromagnetic and antiferromagnetic configura-
coupling can be expressed with the spin asymmetry of reflegjon, viz.

tion amplitudes. This picture is also consistent with spin po-

larized photoemission experiment$ For thick spacer lay- J=(Qe—Qap)/2S, (1)
ers, the coupling strength can be estimated from reflectiog,nere) is the grand canonical potential asds the area of
amplitudes at the extremal points and the Fermi IéWhen the multilayer.J can be expressed in terms of andr~
the magnetic layer has finite thickness, the reflection ampliyhich denote reflection amplitudes for the majority and mi-
tudes vary as functions of magnetic-layer thickness due t@ority spin, respectively, for an electron incident from the
the quantum interference inside the magnetic layer. Thus, thgiiddle nonmagneti¢Cu) layer into the magnetic material
interlayer coupling is expected to show magnetic-layer thick(Co) on either side. A crucial factor for determinidgis the
ness dependenée!® This prediction was experimentally spin  asymmetry of the reflection amplitudes
confirmed later*? However, those theoretical studies on Ar=(r*—r~)/2. When there is only one reflected wave in
the magnetic-layer thickness dependence are limited to freehe spacer, the interlayer coupling is approximately given
electron-like or one-band models. There have been realistiby>*’

calculations for the interlayer coupling, but they are either

focused on the spacer-layer thickness depend@hier lim- J=_ Lmz def(e)2|Ar|2e/ @D+ o) @
ited to thin magnetic layers. In a one-band model, the re- ™ '

flection amplitude oscillates as a function of the magnetic- : : ,
: ; . . where g, is the perpendicular component of the scatterin
layer thickness and the period is determined from th 9 berp P g

. . . Srector, k| is the wave vector parallel to the plane,is the
spanning wave vector pf the magnetlc_matenal. When ther%lectron energyf is the Fermi-Dirac distribution, ang is

are multiple bands in the magnetic layer, the FanOpne net phase factor due to the reflection from both inter-
resonancE can occur and the reflection amplitude is af- faces. For a large spacer thickné&sand semi-infinite mag-

fﬁCted_ greatly. rlln this paper, we t(ajxplore the case 'E whiChhetic |ayers, the asymptotic behavior of the interlayer cou-
there Is more than one transmitted wave vector in the magsjing can be obtained analytically. At is a smooth function

netic layer. We will show that the effects of Fano resonanc f &, then using the stationary phase approximation, one ob-
are significant for the magnetic-layer thickness dependencq ;
. . . ains at zero temperature

This paper is organized as follows. In Sec. Il, we calculate
reflection amplitudes fof001) Co/Cu/Co multilayer with fi- v,k ,
nite Co layer thickness. We show that the Fano resondhces J= ImWMrI e
will occur in a realistic multiband model, while they do not
exist in a one-band model. In Sec. lll, we present a two-banavhere v, is the average group velocity is the average
model calculation in order to demonstrate the effects of theadius of curvature, andg is the spanning wave vector at
Fano resonance on the interlayer coupling. A discussion ithe Fermi surface. Quantitisr and ¢ are also evaluated at
presented in Sec. IV. the Fermi level. The other phase facipg is determined by

i(qFD+¢+¢o)’ 3
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FIG. 2. |[r~—r2| as a function of energy at extremal points
k=0 for (001) Cu/Co/Cu systems. The thickness of Co layer is
taken ad.=9. The dotted curve i | for comparison.
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energy atk; =0 (left pane) andk;=Kks (right pane} for dif-
ferent Co layer thicknessed.'§). The solid curve is for

, . . r| and dotted forfr ~|. [r 7| for k=0 exhibits oscillatory
FIG. 1. Reflection amplitudes as functions of energy at extrema| ehavior as a function of energy, which can be explained by
oints for(001) Cu/Co/Cu systems. The left panel is fgre=0 (lon 5 : ' :
p (001) Y P fq=0 (long the Fabry-Pmot effect sincek, is a function of energy for a

period and the right is fok;=kg (short periodl. L is the thickness . L . >

of Co layers. Solid and dotted curves are for majority and minorityglven k” [Sef Eq.(4)]. The st_rll_<|ng result is thatr_ | for

spins, respectively. The Fermi level is zero. ky=0 and|r™| for kj=ks exhibit sharp asymmetric peaks.
This is due to the Fano resonafitevhich occurs when a

the shape of the Fermi surface at the extremal poimdiscrete state interacts with a continuum. This effect is quite

$o=0, /2, and for maxima, saddle points, and minima, common in the resonant-tunneling spettrd for materials

Energy (eV)

respectively. with _ multiple . bands_ _ and it has been observed
In a free-electron-like model, the reflection amplitude for €xperimentally”” The origin for such Fano resonance is bet-
the finite magnetic layer with thicknegsis ter illustrated by examining the bulk band strugtures of Cu
and Co ak =0 as shown in Fig. 2 of Ref. 7. In this case, the
1 e2ikiL majority-spin band of Co is similar to the Cu band and there
r=r,——mmM—, (4)  is only one possible transmitted wave vectaiith real k;)
1—r2e?k;t near the Fermi level. As a consequencé,| shows a simple

Fabry-Peot oscillation as a function of energy. On the other
hand, there are two possilté states of the\; band near the
Fermi level for the Co minority-spin electron. The portion of
the band with smallek, will be quantized due to the strong
F=r +r (5) confinement effect from the nonmagnetic materials on both
xS sides of the finite magnetic layer. A strong confinement ex-
With T ge= _rw(l_ri)ezikgl__ Note that the function is oscil- ISts for this portion _of_ band in Co, because it has _mosltly
latory in L due to the Fabry-Ret interference effect of the charact?r(althqugh it is connected to theband portion at
finite-thickness slab of the magnetic material. larger k,), while the corresponding band in Cu near the
First, we calculate the reflection amplitudes at extremafermi level has predominantly character. The mismatch in
points for (001) fcc Co/Cu/Co multilayers using a realistic character leads to large reflection amplltude for electron to
tight-binding(TB) model withs, p3, andd® orbitals. The T8~ 9° from Qo to Cu anq a strong conflnement resul_ts. The
parameters are given in Ref. 7 and the Fermi level is taken tgther portion of bandwith largerk;) will not be quantized
be zero. For thg001) orientation, there are two different because it has mostlycharacter. The quantized states from
kinds of extremal points. We denote them ky=0 (belly) ~ the portion of the Co minority band with smallé, will
andk;=ks (neck. The corresponding spanning vectors giveinterfere with the continuum states of the other portion of the
rise to a long and short oscillation period, respectively. Theoband with largerk; giving rise to Fano resonances in the
retically, it was shown that the shorter period has a muchHransmission or reflection spectra for an incident electron
bigger coupling strength due to the large magnitude of spirirom the Cu layer. Such Fano resonances for finite Co layer
asymmetry of reflection amplitudé<:*” Our method for cal-  thicknesses do not appear in a one-band model which cannot
culating reflection amplitudes is similar to that described ininclude the hybridization of the andd bands. We have also
the appendix of Ref. 7 with some modifications to make itcalculatedr ~| versusk atE=Eg and found it to be a rather
applicable for a trilayer system including a finite-thicknesssmooth function around; =0 even when the Fano reso-
magnetic layer. nance peak coincides with the Fermi level. Bt=ks, the
Figure 1 displays the reflection amplitudes as functions ofr *| spectrum exhibits Fano resonances because there are

wherer,, is the reflection amplitude for the semi-infinite
magnetic layer ané, is thez-component wave vector in the
magnetic layer. Whefr .| is small, we have
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again two possible transmitted wave vectors for the Co mi- (a) k=0

nority spin, with one portion of the band being quantized via I

guantum confinement. As the thickness of the magnetic layer ——
L increases, more sharp peaks appear and the linewidth of 1 .
the peaks becomes smaller, corresponding to more quantum - .
confined states in the magnetic layer. In Fig. 2, we plot - .
[r~—r_| as a function of energy fdg=0 andL =9 mono- -9 .
layers(ML's). Within a free-electron-like moddl; = —r_| is i
almost the same ds_ | for small|r_| in Eq. (5). This rela-
tion holds well for energies slightly above the Fermi level
where there is only one transmitted waVeln contrast,
where there are two possible transmitted wayesar and
below the Fermi leve| [r ~—r | deviates significantly from
[r|. In this energy range we can defing,,,, the contribu-

tion from the Fano resonance effect which does not exist in a Co Layer Thickness (ML)
one-band model, as
Mrang= " — (Nt Tosds (6) (b) k||=ks
wherer . is given in Eq.(5) for the largerk; in Co. — T
The Co layer dependence of reflection amplitudes at the 1 0690 564
two extremal points at the Fermi level is shown in Fig. 3. - © 90" .

Filled squares are fdr *| and open circles are fdr ~|. At
k=0 [Fig. 3@], |r"| shows a simple Fabry-Rat oscilla-
tion with a period given by the spanning wave vector of the
majority electron in Co as expressed in E4). On the other
hand,|r 7| is rather irregular due to the Fano resonances and
no well-defined periods can be found. Wt=ks [Fig. 3(b)],
despite the presence of Fano resonanig€es, appears oscil-
latory except at. =15 and 26 ML. This is because the Fano
resonance peaks are so sharp that they rarely hit the Fermi
level, when|r | is plotted as a function of energgee Fig. Co Layer Thickness (ML)
1). |[r~| 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
|Ar|? [see Eq.(2)], it is instructive to plot|Ar| versus Co
layer thickness at the two extremal points at the Fermi leve
as shown in Fig. 4. Ak =0 (filled square the variation of
Ar is dominated by~ and the Fano resonance plays a sig- o o
nificant role. Atk =ks (open circley the fluctuation ofAr  the deviation ofr —r..| from |r..| in Fig. 2, we expect that
is mainly due tar ~ for thin Co layers(say,L is less than 10 the fluctuation of the coupling strength is Iarg_e er_10ugh to be
ML) andr* for thick Co layer, which are affected by the detected even for smalll. We expect the contribution of the
tunneling and the Fano resonance, respectively. Fano resonance is much smaller fgr=ks than fork =0

In general, whenAr| is large at the extremal point and because the peaks are very sharfxatks in Fig. 1. AsL
the Fermi level, the corresponding interlayer coupling isincreases, the Fano resonance peaks become sharper and
strong’ However, wher|Ar| is very large due to the Fano their contnpuuon to the interlayer co_upllng will be smallgr.
resonance peak, the situation is much more complicated. i} quantitative analysis seems possible only by performing
this case|Ar| is not a smooth function around the Fermi @ccurate integration as described in E2).or a total energy
level and the assumption used to obtain E3).cannot be calculation with full band structures with the use of an ex-

applied. In order to calculate the interlayer exchange coutrémely fine mesh in thé; space. Such a calculation with

pling, |Ar|2e/(%:P* %) needs to be integrated ovErand the Co/Cul/Co systems requires too much computational effort.
linewidth of the peakAE is a crucial factor for the coupling 'nstead, we will take a simpler yet realistic model and inves-
strength.AE changes as a function &f and#v,/AE is of ~ tigate how the Fano resonances affect the interlayer coupling

the order of 100 A for thin Co layers\AE~0.1 eV). Con- the next section.
sider the case thdtAr| is sharply peaked near the Fermi
level due to the Fano resonance. Borfiv,/AE, |Ar| var-
ies rather smoothly compared wigh%:° and the coupling
strength will be much larger than the semi-infinite magnetic- In order to investigate the effect of the Fano resonance
layer case. Wheb is less tharkv,/AE, the Fano resonance quantitatively, we perform a two-band model calculation.
peak at the Fermi level will give rise to fluctuation of the For simplicity, we take a simple cubic lattice with lattice
coupling strength roughly proportional thE. Considering constantc. In the k, direction, the band dispersion is ob-

FIG. 3. Reflection amplitudes as functionslofthe thickness of
Co laye) at extremal points and the Fermi level {@01) Cu/Co/Cu
i;ystems(a) k =0 (long period (b) kj=kg (short periogl. Solid and
dotted curves are for the majority and minority spins, respectively.

IIl. MODEL CALCULATION



54 EFFECTS OF FANO RESONANCES ON THE ... 13 037

[~]
2 o Qe
05 %%08 ‘oad BRQI ‘oﬂa’ [

|Ar|

=

O O O =0 O RO RO RO RO O =

L
AL 2
T S A S I v L=7 =17
0 10 20 30 /\{ k
Co Layer Thickness (ML) U\M_L L=8 "‘\M”I L-18
[/ L=9 L=19
FIG. 4. Spin asymmetry of reflection amplitudes as a function of /\M WUk AN
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period and open circles are fdg=Kks (short periodl. Energy (eV)
tained with a nearest-neighbor tight-binding model, while in

thek direction a parabolic band is assumed. The band strug—o
tures in this model are obtained from the eigenvalues of thgn

FIG. 6. Reflection amplitudes as functions of energykat 0
r the (001) orientation model systeni. is the thickness of the
agnetic layer.

matrix
ﬁzkﬁ For the minority spin, we take, = —1.35 eV. The effective
Es+ 2t;cok,c+ o 2V 4c0k,C mass is same as the bare electron mass. Comparing Fig. 5
ol (D with Fig. 1(a) of Ref.. 7, we see that the feat_ures of mg _
V.- codk.c E 42t cok.ct f7Kj band near the Fermi level are reproduced nicely here in this
sd z dF 21gCoK,C 2m* simple model. For convenience, the band structure for the

spacer materiglCu) is taken to be same as the majority-spin
where Eg (Ey) is the on-site energy for aslike (d-like) band of the magnetic materi&@Co), since the small differ-
orbital, ts (ty) is the nearest-neighbor interaction between ence between them will not cause qualitative change in the
(d) orbitals, Vg is interaction betweens andd orbitals, and  results. Thus, we always havé =0 in this model, while in
m* is the effective mass to thig direction. The spin split-  the full tight-binding model we get a finite but smalt near
ting of the magnetic material is given by the difference inthe Fermi levelsee Fig. 3 of Ref. 7 We will consider two
Eq while the other parameters are the same. Our model banghses with the Fermi levél-=0 and 2.95 eV. Th&:=0
structures for the bulk magnetic material are shown in Fig. 5¢ase is close to the realistic situation. Note that there are two
We take Eq=—2.85 eV, Eg=—9.35 eV, t;=—3.2 eV, transmitted waves in the minority-spin band which is similar
1g=0.16 eV, andVs4=2.0 eV for the majority-spin band. to the situation for(001) Co/Cu/Co atk;=0. On the other
hand theEr=2.95 eV case is similar to a free-electron-like
model near the Fermi level, which allows us to examine the
majority minority behavior of exchange coupling when the Fano resonance ef-
fect becomes negligible. We plpt™| as a function of energy
at kj=0 in Fig. 6, which resemblef ~| at kj=0 for the
(001) Co/Cu/Co systen(Fig. 1). As expected, we see the
Fano resonance peaks arouge 0 and only simple Fabry-
Peot oscillations arouné =2.95 eV. We also plofr ~| ver-
sus magnetic-layer thickneksfor two different Fermi levels
in Fig. 7. ForEL=0, |[r ~| varies rather irregularly due to the
Fano resonance effect and it hits one for=7 ML. For
Er=2.95 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 coupling from Eq. (1) by performing a total
001 energy calculation for superlattices within the above model.
A slab method is used to determine superlattice states. In
FIG. 5. Model band structures for the magnetic material atorder to make sure that the number of particles is conserved,
kj=0. Parabolic dispersion in the in-plane direction is assumed. we useA() rather than() (for the zero temperatuye

Energy (eV)

r Xxr X
k
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FIG. 7. Reflection amplitudes as functions of magnetic-layer
thickness ak =0 and the Fermi level for our model system. Upper 06 ' | ' | !
panel is forE;=0 and lower is forEg=2.95 eV. (b) E;=2.95 eV ]
Gg 0.4 D=4 ML
A0 =3 D [Eq(kj,a)~EF]O[Ec—En(kj.Q)], (8) g
kH n,q o>
. . . E’, 0.2
wheren is the band indexq is the wave vector for the 3 ¢« . D=8 ML
superlattice, an® is a Heaviside step function. Since the e ey e e
- . . - . - . . H | d o L ) k
parabolic dispersion is assumed in the in-plane direction, the 0 [ Ne B Tee Tt Ry
integration ovek is done analytically, which makes it pos- s | .
sible to calculate) with great accuracy and efficiency. 20 30

We consider the magnetic-layer thickness dependence Magnetic Layer Thickness (ML)
first. The interlayer coupling versus the magnetic-layer thick-

nessL for a given spacer thicknegs is plotted in Fig. 8. For
bothEL=0 andEg=2.95 eV, the amplitude of the fluctua-
tion is comparable to that of asymptotic behavior obtaine

for largeD andL with Eq. (5). For Er=2.95 eV[Fig. 8b)],

J oscillates in exactly the same way |as | shown in Fig. 7 | —19 ML [Fig. 9c)], |r | is big but the interlayer coupling
as predicted by the simple free-electron model. Epr=0 appears very similar to the asymptotic behavior fior .
[Fig. 8@], J is rather irregular especially for thinner mag- This is because the Fano resonance peakEat0 for
netic layergsay, less than 15 ML J can hardly be described | —19 ML is much sharper than that far=7 ML as shown

by an oscillatory function with a fixed period. This is due to j, Fig. 6. AsL further increases, the Fano resonance peaks

the Fano resonances effec. for a thicker spacer layer pocome very sharp andl rapidly converges to thé =
(D=22 ML) is quite different fromJ for thinner spacer lay- (gguit.

ers O=5 ML or D=8 ML). In the previous section, we
argued that there are two length scalesand7v,/AE for a

given L. For small L, D=22 ML is comparable to
hv,/AE. The peaks ofl [Fig. 8a)] do not always coincide

FIG. 8. Interlayer coupling as a function of magnetic-layer
(#hickness for magnetic superlattices described in our two-band
odel.(a) Ef=0. (b) E;=2.95 eV.

IV. DISCUSSION

In the previous section, we have shown that the Fano
with those of|r ~| (Fig. 7, Er=0) sinceJ is obtained from  resonances affect the interlayer coupling strength. When the
the integration ofr ~|. interlayer coupling is plotted as a function of the spacer
In order to investigate the effect of the Fano resonancenickness, the effect is not very pronounced, because the
further, we plot in Fig. 9 the interlayer coupling as a functionchange in coupling strength due to Fano resonances is com-
of the spacer thickned3 (taking Er=0) for (8 L=4 ML,  parable to or smaller than the amplitude of oscillation and it
(b) L=7 ML, and(c) L=19 ML. Also included for compari- does not alter the oscillatory behavior. However, the effect
son is the asymptotic results for the calse=< (dotted shows up clearly in the magnetic-layer thickness dependence
curve. From Fig. 7, we noted thdt ~| is almost zero at especially when the magnetic layer is thin. The fluctuation of
L=4 ML, and becomes large &t=7 ML and L=19 ML the interlayer coupling as a function of magnetic-layer thick-
due to the Fano resonances. First of all, we see that theess cannot be explained by a simple free-electron model.
oscillation period of the interlayer coupling as a function of However, since the interfaces in magnetic multilayers are
the spacer-layer thickness is not affected by Fano resonancgiite rough, these fluctuation of the interlayer coupling due
at all. ForL=4 ML [Fig. 9@)], the overall coupling strength to the Fano resonances may be smeared out.
is reduced due to smalr~|. For L=7 ML [Fig. 9b)], In Ref. 22, Castroet al. have shown that quasiperiodic
[r~| is almost one and the interlayer coupling is strongeroscillations of the interlayer coupling can be obtained when
The interlayer coupling fot =7 ML is much stronger than the difference in Fermi surfaces for majority and minority
that of L=4 ML especially for the thick spacer layer. For spin in the magnetic material are considered. Although this
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0.3 —— | . | . z components of the scattering wave vector in the magnetic
: layer for majority and minority spin, respectively. Then, the
spin-asymmetry reflection amplitude is

—
o
v’
—
Il
Y
4
—

T +_ r\2 +_ +

J (erg/cm2)

- (re—r)r,

5 €%t )

P | . I . while higher order terms in the reflection amplitudes and
0 10 20 30 more rapidly oscillating terms are neglected. The interlayer
Spacer Thickness (ML) 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.
A;\ A A AA A Especia_lly yvhen the difference 01_‘ two periods is large and
V v hv % WYl b 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|rf| and|r2| 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 wiénandr_ 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
g . ) the other. Also if a total reflection occurs for one spin, there
f\ A Fa re 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
1 by the average of the two periods and the beating effect will
not show up unless the interlayer coupling is measured up to
10 20 30 a very thick magnetic layer. As an example, we consider
Spacer Thickness (ML) (001) Co/Cu/Co systems. Ak;=0, |r;| is smaller than
Ir>| (Refs. 3 and ¥ and two periods are very close. At
FIG. 9. Interlayer coupling as a function of spacer thickness fork =ks, a total reflection occurs for minority spin and the
magnetic superlattices described in our two-band model withmagnetic-layer thickness dependence will be dominated only
Er=0. (@ L=4 ML, (b) L=7 ML, (o) L=19 ML. The dotted by r* unless the magnetic layer is extremely thin. Therefore,
curve is the asymptotic behavior for=co. we do not expect the quasiperiodic oscillation discussed in
Ref. 22 to show up if001) Co/Cu/Co systems.
guasiperiodicity may look similar to the effect discussed in  Unlike the quasiperiod in Ref. 22, the contribution from
this paper, the origin is totally different because Fano resothe Fano resonance cannot be expressed by an oscillatory
nances do not occur in their model. This can be seen easilfgnction with a period. It can be further illustrated by exam-
since they used a one-band TB model for each spin of théning the (001) Co/Cu/Cok;=0 case in Sec. Il and also our
magnetic material and electrons with different spins do notmodel in Sec. lll. For minority spin only, there are two pos-
mix. Thus, in their model, there is only one possible transsible transmitted wavegcorresponding to two different
mitted wave in the magnetic layer for any incident wavepoints on the Fermi surfageHowever,r~ cannot be ex-
from the spacer and there is no Fano resonance as explainpressed as a sum of two oscillating functions. Tfcould be
in Secs. Il and Ill. The quasiperiodic oscillations expressed in this wayr ~—r_| in Fig. 2 would be almost
in Ref. 22 can be explained also with reflection amplit-the same asr_;| since the transmission to the band with
udes. In their 'modeJIr, whefr | and |r| are small, the smaller k; is negligible. Instead, it was expressed as
reflection amplitude™ andr™ for a finite magnetic layer r*=r;—r;[1—(r;)2]eiq£'-+rFanoin Eq. (6), wheredq, is

F_ et et (e t\2700i00 7L . . )
can be expressed as’=r.—r,[1—(r,)]e" = and twice of the largerk, and rg,n Mainly consists of sharp

r-=r;—r;[1—(r;)?]e'% -, whereq,” andq,” are the peaks. As pointed out already in Sec. Il, this is because the

0.3 —_—

(b) L=7 ML

J (erg/cm?)

b | . | '
0 10 20 30
Spacer Thickness (ML)

-0.3

0.3 —T—

(c) L=19 ML

J (erg/cm?)
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portion of band with smallek, has mostlyd character while  multilayers was measured as a function of Co thickness up to
the incident wave has predominanglp character. This por- about 20 A. The coupling strength for f¢601) Co/Cu/Co
tion of band plays a negligible role for the semi-infinite mag- multilayers greatly depends on the sample quafff. The
netic layer. For the finite magnetic layer, this portion is quan4nterlayer coupling measured in Ref. 11 is still much weaker
tized and interacts with the continuum states of the othethan theoretically predicted oh¥ and it is not clear which
portion of the band with largek, This gives rise to sharp spanning vector dominates the experimental data. In Sec. Il,
peaks known as Fano resonances, instead of another periodit¢ fluctuation off Ar| with respect to the Co layer is domi-
function. In the cases we are considering, the Fano resonant@ted by the Fano resonance effeckgt 0 and by the tun-
happens only for minority spin and the spin-asymmetry re-nelling effect for thin Co layers d¢=ks. In Ref. 11, when
flection amplitude is given in a form similar to E¢Q): the Co layer is thicker than 10 A, the interlayer coupling

fluctuates rather irregularly. This may be due to the Fano

(ro—r2)? (ri—ro)r}

. resonances. On the other hand, fluctuation at thin Co layers
(Ar)2= — e'dz L . . K
4 2 may be due to the tunneling. For a quantitative comparison,
an accurate full band calculation seems necessary for the
(rf=r)r2 0L ri—r. (001) Co/Cu/Co multilayers.
t—— &% T (10 In contrast, well-defined oscillations were observed in Fe/

Au/Fe multilayer8® when the interlayer coupling was mea-
In Sec. Il, it is shown thatg,,,consists of sharp peaks and is syred as a function of the Fe thickness. The Fermi surface of
not periodic. The contribution of Fano resonances to the inAu is very similar to that of Cu. At the Fermi level and
terlayer coupling is considerable when the peaks hit thg =0, there is only one band for Au. Since bands with the
Fermi level at the extremal points and the linewidth is big.same symmetryX,) are not available for Fe majority spin
The peaks are rather sharp and they hit the Fermi level in agnd there is one for Fe minority spin around the Fermi level
almost random fashion. Thus, the contribution as a fUﬂCtiOl’at k”:0' strong interlayer Coup"ng is expected for the cor-
of magnetic-layer thickness is pretty much irregular and itresponding extremal vector of Au. This extremal vector
cannot be expressed in an analytical form. As the magnetiggjves rise to a long period. Considering the short period is
Iayer thickness increases, the linewidth decreases rapldly @%S”y Suppressed by the interface I'OUthESS, we expect that
shown in Figs. 1 and 6. We expect that the Fano resonanafie interlayer coupling versus Au layer in Fe/Au/Fe will be
effect can show up for relatively thin magnetic layers and itdgominated by the long period. Since there is only one pos-
will disappear for thick magnetic layers. However, the mag-siple transmitted wave for the Fe minority spin at the Fermi
netic layers treated in experiments are considered to be thigye| and kj=0, no Fano resonance effect exists for this
enough for the Fano resonance effect to be detected. Evesktremal point. Thus, a well defined oscillatory behaviour as

when there are multiple bands, if the other wave vectors arg function of the magnetic-layer thickness is expected, which
forbidden due to different symmetry, or if the other bands areyccounts for the experimental observation.

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. This work was supported by Office of Naval Research

There are few experiments available on the magneticunder Contract No. NO0014-90-J-1267 and the University of
layer thickness dependence of the interlayer coupling. Idllinois Materials Research Laboratory through Contract No.
Ref. 11, the interlayer coupling in the f¢€01) Co/Cu/Co NSF/DMR-89-20538.

ACKNOWLEDGMENTS

*Present address: Department of Electrical and Computer Eng?S. N. Okuno and K. Inomata, Phys. Rev. L&®, 1553(1994.
neering, North Carolina State University, Raleigh, NC 27695-13M. van Schilfgaarde and F. Herman, Phys. Rev. Létt. 1923

7911. (1993; M. van Schilfgaarde, F. Herman, S. S. S. Parkin, J.
1p. Grinberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H. Sow- KudrnovsKy ibid. 74, 4063(1995.
, &S, Phys. Rev. Let67, 2442(1986. 14p. Lang, L. Nordsfrm, R. Zeller, and P. H. Dederichs, Phys. Rev.
S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rev. I6t. Lett. 71, 1927(1993; L. Nordstram, P. Lang, R. Zeller, and P.
2304(1990.

H. Dederichs, Phys. Rev. B0, 13 058(1994.

3
P. Bruno, Phys. Rev. B2, 411(1995. 153, Krompiewski, F. 8ss, and U. Krey, Europhys. Le6, 303

4M. D. Stiles, Phys. Rev. B8, 7238(1993. (1994,
5K. Garrison, Y. Chang, and P. D. Johnson, Phys. Rev. [7dit. 16 Fano Phys. Rev124, 1866 (1962

6C28é)1(b1993.E v 0. Rader. W. Gudat. and W. Ebeth dt”J. Mathon, M. Villeret, R. B. Muniz, J. d’Albuquerque e Castro,
-+ ~arbone, £. Vescovo, 1. Rader, W. udal, and W. ELeMardt - 5nd b. M. Edwards, Phys. Rev. Left4, 3696 (1995.

Phys. Rev. Lett71, 2805(1993. 18 .
7B. Lee and Y.-C. Chang, Phys. Rev. B2, 3499(1995. J.-C. Chiang and Y.-C. Chang, Phys. Rev4B 7140(1993.

19 H
8). Barria, J. Magn. Magn. Mated 11, L215 (1992. R. C. Bow;nz, W. R. Frensley, G. Klimeck, and R. K. Lake, Phys.
9p. Bruno, Europhys. Let23, 615 (1993. o eV BS2, 2754(1999.
105 Krompiewski, J. Magn. Magn. Matet40-144 515 (1995. See, for example, T. dell'Ortet al, Phys. Rev. B52, R2265

11p_ 3. H. Bloemeret al, Phys. Rev. Lett72, 764 (1994 (1995, and references therein.



54 EFFECTS OF FANO RESONANCES ON THE ... 13041

ZlWe have also compared " —r| with |r}| at k=0 and they aan de Stegge, and W. Hoving, Phys. Rev. Lé&, 2688
match very well. Howeverk, in Eq. (5) slightly deviates from (1992.
the wave vector of bulk Co. 247. Q. Qiu, J. Pearson, and S. D. Bader, Phys. Re¥6B8659
#2). d’Albuquerque e Castro, J. Mathon, M. Villeret, and D. M. (1992.
Edwards, Phys. Rev. B1, 12 876(1995. 255, N. Okuno and K. Inomata, Phys. Rev5R, 6139(1995.

23M. T. Johnson, S. T. Purcell, N. W. E. McGee, R. Coehoorn, J.



