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Interlayer exchange coupling mediated by a nonmagnetic spacer layer
with a large electron-electron exchange interaction
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We derive an expression for the exchange coupling between two ferromagnetic layers separated by a
nonmagnetic spacer metal having large exchange enhancement in the paramagnetic susceptibility. The theory
of the exchange coupling between two magnetic spins embedded in a nonmagnetic metal, in which the
random-phase approximation was used for the electron-electron exchange interaction, is extended to the ex-
change coupling between ferromagnetic layers in magnetic superlattices. The exchange coupling decreases
with an increasing interlayer thickness in a nontrivial manner. An oscillatory behavior superimposed on the
exponentially decreasing background is clearly shown. The effect due to the electron-electron exchange inter-
action in the nonmagnetic spacer metal produces a ferromagnetic bias to the oscillatory exchange coupling for
low spacer thicknesses. The regions of the antiferromagnetic exchange coupling may disappear because of the
ferromagnetic bias depending on the degree of the exchange enhancement. However, the traces of the disap-
peared regions can be recognized as dips or easy slopes in the region of the ferromagnetic exchange coupling.
It is shown from the numerical results that in the case of magnetic superlattices with Pd interlayers, the first and
second antiferromagnetic exchange couplings disappear and the third antiferromagnetic one appears, and the
theoretical result agrees well with the experimental result. The ferromagnetic bias is less expected for the Pt
interlayer than for the Pd interlayer because of a relatively weak electron-electron exchange interaction.
[S0163-18297)04337-3

I. INTRODUCTION Yoshida (RKKY) interaction and the discreteness of the
spacer thickness due to a stack of atomic monolagidts),

Since Grmberget al! discovered that the magnetic mo- known as aliasing, were taken into consideration in order to
ment in Fe layers separated by a spacer Cr layer in Fe/Cr/Fexplain the oscillatory exchange couplihf Very recently,
sandwiches could be coupled to each other antiferromagnetihe effect of a composite NM layer which consists of a con-
cally, and Baibichet al? studied the giant magnetoresistanceventional NM layer and a potential scattering layer inserted
(GMR) in Fe/Cr superlattices resulting from the interplay in it was analyzed, and it was found that the transition from
between electron transport and magnetic behavior, a numb&M to AFM coupling or the reverse could be induced by
of studies have been made of these phenomena. Parkichanging the potential parameters under a definite structure
More, and Rochg discovered that the exchange coupling of the superlattices' The Anderson model of the d mixing
could oscillate between ferromagnefieM) and antiferro- at the interfaces between FM and NM layers was applied to
magnetic (AFM) coupling as a function of nonmagnetic the problem of the exchange coupling in magnetic superlat-
(NM) spacer thickness. ParKimlso revealed that the oscil- tices, and two types of couplings, i.e., RKKY-like and super-
latory exchange coupling between two FM layers separatedxchange interactions, were showWnA spin-dependent
by ordinary NM transition metals or noble metals is quite aquantum well description of the electronic structure has also
common phenomenon. been proposed for the coupling mechaniSrithe quantum

There has been a great interest in GMR, not only for thanterference due to the spin-dependent reflections of Bloch
underlying mechanism, but also for its practical device apwaves at the interfaces between NM and FM layers has been
plications such as magnetoresistive heads and sensors. Laensidered as a general approach to the problem of the ex-
saturation magnetic fields resulting from a low AFM cou- change coupling? This approach is an analogy of an optical
pling strength are desirable for the enhancement of the serrabry-Peot resonator and is closely related to the quantum
sitivity of device applications. The technology for the en-well description.
hancement has been studied in methods such as adopting The exchange effect due to the electron-electrere)
magnetic materials as soft as possible for FM layenispos-  Coulomb interaction amongd electrons in the NM spacer
ing a thicker NM spacer layer corresponding to the secondayer has not been considered so far in the context of the
peak in the GMR effect,employing a spin-valve structure exchange coupling theory in magnetic superlattices. How-
with an uncoupled behavior at large NM spacer layerever, since the-e exchange interaction is strong in Pd and
thicknesse$,and inserting subsidiary soft FM layéts. Pt metals, it should be taken into consideration in the case of

There have been many theoretical investigations to attaithose NM spacer layers.
some better insight into the mechanism of the oscillatory Especially, Pd is a more interesting metal magnetically
exchange coupling. The spin polarization of conduction elecsince it is near the critical boundary for ferromagnetism. It is
trons in the NM spacer via the Rudermann-Kittel-Kasuya-a nonmagnetic metal having large exchange enhancement in
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the paramagnetic susceptibility, and dilute Fe-Pd and Co-Pdptic Kerr effect, and concluded that the FM exchange cou-
alloys show giant magnetic moments as large agglper  pling is observed for the range of 14-30 A Pd thickness,
impurity associated with impurity atoms. This was first ob-although it is of course possible that the AFM exchange
served through the paramagnetic susceptibility and the ferrazoupling may exist for larger Pd interlayer thickness.
magnetic saturation magnetizatith. The induced spin polarization of individual Pd layer in
The giant magnetic moments of Fe or Co atoms in thosé€o/Pd superlattices was calculated using the layer Koringa-
alloys indicate a long-range ferromagnetic spin coupling askohn-Rostoker method by Victora and MacLarémnd also
sociated with a long-range spin polarization in Pd host metalusing the discrete variational SlateXsa potential by Miura
Therefore, it has been considered that the giant magnetiet al?* In those calculations, the polarization of reverse di-
moments in Pd alloys are certainly related to the large exrection to its neighboring one was surprisingly predicted at
change enhancement in the paramagnetic susceptibility of Rtie central Pd layer when the Pd layer thickness is 5 ML.
metal. There has already been an attempt to make Pd layer fer-
The same phenomenon of spin polarization has been olvsemagnetic by expanding its volume in the structure of epi-
served in Fe/PdRefs. 16—18and Co/PdRefs. 16, 19 and taxial metal film sandwiches. Brodsky and Freefiatudied
20) superlattices, in which the ferromagnetic polarization ofA(001)/Pd(001)A(001) sandwiches, where th& repre-
Pd atoms at the interfaces was found. Gelinskal!’ ob-  sents Ag or Au and the thicknesses of Pd are 7—11 ML. They
served magnetic properties of the Fe/Pd/Fe trilayers and irtried to trigger the FM state in Pd by stretching the Pd lattice
dividual Fe/Pd and Pd/Fe bilayers by using ferromagnetiby about 2.4% usingh(001) templates and found that the
resonancéFMR) and Brillouin light scatteringBLS). The  samples show an enormous enhancement of the Pauli sus-
samples were grown by molecular beam epitaxy, and a 5.1%eptibility, but the Pd layer still remains paramagnetic. The
laterally expanded P@01) lattice was formed. It was shown enormous enhancement of the Pauli susceptibility in the
from investigated magnetic moments that the Fe/Pd interfacabove samples was successfully explained phenomenologi-
creates an extra magnetic moment of gkfnterface atom cally by considering the change of the electronic structure
and that 0.z of the creation belongs to two adjacent Pdbetween states of a thin film and a bulk and that of the
layers and the balance of kg4 enhances the Fe magnetic intra-atomic Coulomb interaction due to the volume expan-
moments in the interface, and the magnetic moment of 5Fefion and also the electronic Greisen constarff
4Pd/10Fe trilayer is equal to the sum of the magnetic mo- The magnetic properties of superlattices containing Pt in-
ments for the individual 5Fe/8Pd and 8Pd/10Fe bilayersterlayers have also been observed. Pértéported no AFM
They concluded that the laterally expanded Pd interlayers arexchange coupling in Co/Pt superlattices, but alluded to the
very reluctant to participate in a FM transition even in thepossibility that structural defects could obscure the presence
presence of the surrounding Fe layers. For thicknesses up tf the AFM exchange coupling. Darg al?’ observed con-
4 ML the Pd was ferromagnetic throughout the whole layerclusive evidence for the AFM exchange coupling in molecu-
and one additional Pd ML destroyed the ferromagnetism ofar beam epitaxy grown Co/R111) superlattices, consisting
the Pd. However, it possessed a fluctuating magnetic masf 35- and 52-A Co and 18-A Pt layers, by using both
ment partly polarized by the exchange field from adjacent Feauclear magnetic resonance and low-temperature magnetiza-
layers. tion measurements. In explanation of the AFM exchange
By using the FMR, BLS, and the surface magneto-opticakoupling in Co/Pt superlattices, they considered that the
Kerr effect, Gelinski's grouff*?* also found that the ex- RKKY interaction is expected to be more apparent since the
change coupling between two Fe films separated by a Pd-e exchange interaction amongl onduction electrons in
interlayer whose thicknesses range from 4 to 12 ML is ferthe Pt interlayer is rather weak.
romagnetic and exhibits an oscillatory behavior superim- Apart from the induced spin polarization by the proximity
posed on the monotonically decreasing background. The p&f FM layers and the oscillatory exchange coupling between
riodicity of the oscillatory behavior was approximately 4 FM layers, some Pd or Pt-based superlattices have another
ML, and the crossover from FM to a weak AFM exchangeattractive phenomenon, i.e., a perpendicular magnetic anisot-
coupling occurred at a 12 ML thickness and the AFM ex-ropy with a high coercive force. Since the perpendicular
change coupling showed a maximum value around thickmagnetic anisotropy at room temperature was reported by
nesses of 14 ML. The observation of a weak AFM exchangeCarcia et al?® for sputtered Pd/Co superlattices with Co
coupling in an Fe/Pd/Fe/AQ01) trilayer is particularly in-  thickness less than 8 A, much attention has been paid to the
teresting in both the fundamental and application viewpointsphenomenon because of interest in the underlying mecha-
On the other hand, Childress al!® investigated the mag- nism and applications to high-density magneto-optic record-
netic properties of high-quality epitaxial Fe/P@01) super- ing media. It was found that the systems such as
lattices grown upon Mg@100) substrates. The Pd interfaces Pd/Co!®1%%-31 pt/C03%32 Au/C022~2° and Ru/Cc® con-
were strongly polarized by the proximity of the Fe moments,taining FM layers thinner than several ML, show perpen-
and the optical Kerr domain imaging observations suggestedicular magnetic anisotropy, but the Ag/GBefs. 34, 35,
that the coupling is ferromagnetic for the range of 10-50 Aand 37 and Pd/Fe(Refs. 16 and 19systems do not. Al-
Pd thicknesses, while the presence of a weak in-planthough the origin of the perpendicular magnetic anisotropy is
uniaxial anisotropy in addition to the cubic anisotropy of Fenot yet well revealed, it has been generally understott
can be mistaken for appearance of the AFM exchange couhe appearance of the perpendicular magnetic anisotropy is
pling. Hicken et al??> measured the exchange coupling atthe result of competition between the él¢ype magnetic
room temperature in epitaxial Fe/Pd/Fe trilayers grown uporsurface anisotropy which favors a perpendicular magnetiza-
MgO(100) substrates by using BLS and the polar magnetotion and a volume anisotropy which favors an in-plane mag-
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netization. Here the volume anisotropy consists of contribu- 1—x2
tions from demagnetization, magnetoelastic, and f)=1+— —1In
magnetocrystalline anisotropy energies.

The exchange coupling between FM layers is of greaHerekg andep are the Fermi wave number and the Fermi
interest if the FM layers are likely to polarize the NM spacerenergy of conduction electrons, respectivély, and N are
layer magnetically as is the case with Pd and Pt. The purpostie numbers of conduction electrons and atoms of the sys-
in the present article is to calculate the exchange couplingem, respectively, and is thee-e exchange interaction pa-
including the effects of a strong-e exchange interaction rameter in the NM spacer layer and its value is defined as
amongd electrons in the NM spacer layer and to reveal theO<a<1. The condition ofw=1 leads to a spontaneous tran-
possibility of the presence of the AFM exchange coupling insition to FM order.
such a system. The integral in Eq(3),

1+x

1—x

: 4

Il. FORMULATION _[r e
FO=| 1= ®)
We derive an expression for the exchange coupling be-

tween two FM layers embedded in a NM metal having largeseems too difficult to calculate exactly. However, as ex-
exchange enhancement in the paramagnetic susceptibilitplained in detail in the Appendix, by applying the method of
We assume that atoms inside FM layers are coupled by theontour integrals in the complex planefgé), we attain the
usual exchange interaction as in bulk metal, and only thdollowing asymptotic expansion for a long distance between
interface atoms of a FM layer are coupled to the interfacenagnetic spins:

atoms of the other FM layer through the spin polarization of

conduction electrons in the NM layer. Then, the system is F(&)~ 2m ﬂé_ ﬁJr 4_0‘
equivalent to two parallel FM planes embedded in a bulk (1-al2?| & & 2-«a
NM metal®-12:38:39
To calculate the exchange coupling between two FM lay- X g_m 2—y—In g)if +2mg(a)e Yot
ers, we use the Fermi contact interaction between spins of 2 &
magnetic atoms and conduction electrons only at interfaces. (6)

Then, the perturbation Hamiltonidt’ is given by ith
Wi
H'=—-Ju[d(r—=Ry)o-S+6(r-Rye-S], (1)

2\2 Yo
whereJ is a coupling constany an atomic volumeS; the g(a)=<—> — — — 2 7 (7)
magnetic spin at sit®; on interfaced (i=1 and 2, ando af 1= (2e)(1=al2)[(1=yp)/(1+Yp)]

the Pauli spin matrices of conduction electrons at position and a solutiory, of the equation

Here theR;’s are designated &&= (R;;,R;,).

Before calculating the exchange coupling between mag- 2 a 1+y§ _q
= y tan” “yo, (8)
0

netic spinsS; andS, embedded in a NM metal having strong al™ 2
e-e exchange interaction, the spin polarization of the con- . , .
duction electrons surrounding a magnetic spin must be Obwhere 7:0'5772.'" IS Euler's constant. The 'seco_nd term. n
tained in the NM metal. Giovannini, Peter, and Schridfier =U- (6) is @ contribution from the pole on the imaginary axis,
showed numerically that the effect of tieee exchange in- 'Yo: " the com_plex.plane, and it has an exponentially de-
teraction among conduction electrons strongly modifies th&'€asing behav_|or with respect £0

form of the induced spin polarization surrounding a localized For t_he specr?\l cases ef<1 or a<1,y, andg(«) can be
moment in Pd and that the main effect is to increase th@PProximately given as

polarization on the sites neighboring the localized moment. 4 32 1
On the other hand, Moriya obtained an asymptotic expan- Yo=—01 g(a)=—73—>—, a<l, 9
sion for the spin polarization at a long distance from a mag- am a7 Yo

netic spin in the random-phase approximati®A) for the
e-e exchange interaction.

According to earlier calculations in which an electron gas 1 3 1
model was takef?* the exchange coupling energy Yo=\3[ 71/, 9(01)=;zy—, asl. (10
Fspin pairb€tween magnetic spir andsS, can be calculated 0
within the RPA by From theG(&) of Eq. (3) together with theF (&) of Eq.
9 32 /N2 (6), we can obtain the exchange coupling energy between
SEo. = — T (_C) G(2ke|R;—R,))S,;-S,, (2) Magnetic spins in a NM metal having strorge exchange
NP2 ep | N (2kelRi RS- S, interaction. It is easily seen that the spin polarization distri-
where bution surrounding a magnetic spin obtained earlier by
Moriya*! leads to the same result with teF i, oairOf EQ.
_ pin p
10 (= e*f(x) 2).
G(§)= € o¢ f_w 1—(al2)f(x) dx, ) So far, we have calculated only the exchange coupling

between magnetic spins situated on an arbitrary site at each
with interface between the FM and NM layers. In order to evalu-
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ate the exchange coupling between two FM layers separatec !
by the NM spacer layer, we start from E@) and sum over I
all magnetic spin pairs between two FM layers. The summa-
tion can be done analytically in the continuous limit of the
magnetic spin distribution.

Since|R;—R,|, the distance between magnetic spfs
andsS,, is written agR; — R,|= VR? + (Ry,— Ry)? with the

thickness of the NM spacer lay&, , one obtains

f f dRydR2 G (2ke VR? +(Ry—Ry)?) : \7 10 15 2 %
Y —ASYMPTOTIC F.
. —EXACTF.
:J' J' deHdRZHJ dUG(ZkF\/RL‘}‘U) -0.4
0

0.8

06 |

04

O = N W A G
T T

02 | -1

EXCHANGE COUPLING

3
2
X 8(u—(Ry—Rz)?) FIG. 1. Exchange couplindarbitrary unit$ calculated by the
- asymptoticF (&) of Eq. (6) with =0 and the exacE,(¢) of Eq.
=f duG(sz,/Ri_Fu)ﬂ-A' (11 (15). The positive and negative values correspond to the FM and
0 AFM exchange coupling, respectively. Numerical results by the

asymptotic and the exact formulas are shown by solid and light
curves, respectively. The vertical scale in an inset is changed in
order to see a whole view of results f6from 0 to 10. Wheré=0,

E (£)=m%12~4.93 andF (&)= —.

where 6 means the Dirac delta function ardis the area of
the FM layer. Here we used a simple relation

f f dRydRy 8(u—(Ry—Ry)d)=7A,

siné— & cost = sint

which is obtained easily by changing the integral variables. Ex(§)=m & + ¢ t dt}. (19

Let us proceed with the integral by introducing a new
variable¢ asé=2kg \/Rf +u. By changing the integral vari- When ¢ is large enough, we obtain an asymptotic expan-
able fromu to &, Eq. (11) is calculated as sion of E,(&) as

* o 1 siné co
f du G(2kF\/Rf+u)7rA=f = £ d¢& G(&) A Ex(g)mzw(_f_ _f) (16)

0 2keR, 2KE 3 3

» 1 1 9F (&) When a~0, on the other hand, the(¢) of Eq. (6) be-

2R, 2K2 dé & 9€ ™A comes equal to the asymptotic formug(&) given by Eq.
(16) because of the relatiog(a)e Yo¢~0, which is easily
understood from Eq.(10). Therefore, it is shown that
OF interiayer OF EQ. (13) and the exactly calculated]eayer OF

Eq. (14) are equal each other in the casenef0 and¢ large
whereF () =0 should be noted. enough.

Therefore, the exchange coupling energy per unit area
between two FM layersiFinerayen IS given within the RPA

by

1
= F(2keR) WA, (12
2k|2: FIL

Ill. CALCULATED AND EXPERIMENTAL RESULTS

A. Calculated results

97 J2 [N\? %
N

2
E. - — F(2k-R . Although the exacF(£) in general cases af could not
OF inertoye 4 SE 2m (2KeR)S S, be obtained because of difficulty of calculations, the
13 asymptotic expansioR (&) of Eq. (6) was achieved. There-
where the functiorF (£) has already been given by E@), fore, it is very important in the present theory to find the
andS, andS, are the magnetic spin densities on each FM/ange ofé for which the asymptotic expansidi(¢) of Eq.

layer, respectively. The formula of E€L3) is the main result (6) is Ve.‘”d' Since in the special case @0 the asymptotic
inythe prepsent ca)I/cuIations. 43 expansionF (¢) of Eqg. (6) can be compared with the exact

Whena=0, i.e., noe-e exchange interactions Fineaye; F(¢), i.e., Ex(€) of Eq. (15), we can determine the suitable

has already been calculated exactly in another meltiofe ~ ange ofé. The calculated results of the(¢) of Eq. (6) with

Let us define the exact result The J: is =0 and theE,(¢&) of Eq. (15) are shown in Fig. 1. The
Bhrteriayer interlayer positive and negative values correspond to the FM and AFM

iven b
g y exchange couplings, respectively. It can be recognized from
97 J? [Ng\2 #? _ Fig. 1 that the asymptotic expansiéi(¢) with «=0 is a
Jinterlaye™ ~ 7~ 2 (W) >m Ex(2keR,)S;-S;, fairly good approximation to the exakt(¢) of Eq. (15) for
F

(14) ¢ larger than about 3 and that the numerical calculations are
valid for £ from the region of the first AFM exchange cou-
where pling. Although the results mentioned above were derived
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FIG. 2. Calculated results ¢f(¢) andF . £) for various values ot (a) «=0.6,(b) @=0.875,(c) «=0.935, andd) «=0.95. Solid and
light curves indicate results ¢f(£) andF (), respectively. The conditions @f=0.875 andx=0.935 correspond to the borders whether
the first AFM exchange coupling appears or not and whether the second AFM exchange coupling appears or not under the disappearance of
the first AFM exchange coupling, respectively.

from the examination fqr the special casea#O, it.c.an be F. (&), i.e., Feed &), gives the ferromagnetic bias due to
assumed that the(¢) with any « of Eq. (6) is sufficiently  effects of thee-e exchange interaction in the NM spacer
valid from the region of the first AFM exchange coupling. |ayer. It is clearly shown that the contributions from the

Now let us define functionBos{£) andFged £) by Faed &) to the Fo (&) are very important, and the resultant
. 20 sing COS§+ Ao icr)1sccr|(IaI::;ci)rr]y behavior, i.e.F (&), is drastically changed with
= |- >4 v
OS(,(S) (1—(1/2)2 52 é—S 22—« g
3 cost . .
X 5~ In2—y—In¢ ? B. Comparison between experimental and calculated results
q The dependence of the exchange coupling on interlayer
an thicknesses for magnetic sandwiches Fe/Pd/Fe at 77 K by
Fuyod £)=2mg(a)e Yot Gelinski’s group”?! was compared with calculated results
. ] for «=0.935, and the results are shown in Fig. 3. Open
in order to rewrite Eq(6) as circles and solid curve indicate experimental and calculated

N results, respectively. Since the experimental results have
F(&)=Fosd )+ Faed £). shown just disappearance of the region of the second AFM
Numerical calculations of th&(£) were carried out for €xchange couplingy=0.935 was used in the numerical cal-
various values ofy, and we show the results far which ~ culations according to the results shown in Figc)2 The
give the characteristic behavior in th€¢). The calculated fitting of adjustable parameters in the theory has been made
results ofF (&) andF (&) are shown in Figs.@-2(d) for  in order to obtain an overall agreement between experimen-
a=0.6, 0.875, 0.935, and 0.95, respectively. Solid and lightal and calculated results. As a result of the fitting, the cal-
curves indicate the results of theg¢) andF (&), respec- culated results show a well-satisfied agreement with the ex-
tively. Of course, the difference between thg¢) and  perimental ones.
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and the present theoretical result agrees well with the experi-
mental results. An easy slope &7 in the experimental
results suggests a trace of the first AFM exchange coupling.
Moriya*! has estimated the value of for Pt metal by
comparing the magnetic susceptibility with the electronic
specific data and obtaineg=0.6. It is small compared with
that of Pd metal. It is seen from the results shown in Fig) 2
—F that the contribution from the exponentially decreasing be-
o EXP. havior is fairly reduced in the case of magnetic superlattices
with a Pt interlayer. Therefore, the conventional oscillatory
5=t exchange coupling is dominant and the first and second AFM
exchange coupling can be definitely expected as Dang
et al?’ observed the conclusive evidence for AFM exchange
coupling in Co/Pt superlattices.
& We considered a highly simplified model of an interacting
free electron gas to describe the NM spacer metal. Therefore,
FIG. 3. Experimental and calculated results of exchange couit should be noted that the results in the present article pro-
pling (arbitrary unit3 in magnetic sandwiches Fe/Pd/Fe. Openvyide a partial and qualitative understanding of real systems.
circles and the solid curve indicate experimental results at 77 Kp transition metals such as Pd or Pt near the right end of the
(Refs. 17 and 21and calculated ones, respectively=0.935 is  transition-metal series, the Fermi level lies within thband,
used in the numerical calculation. and the Fermi surface consists of two regions of holes and
one compensating region of electrdi<Of these three sur-
faces, the small pockets of heashylike holes atX are ellip-
soids of revolution prolate along tHeX direction. Indeed, it
fias been fourfd that theX-centered hole pockets along the
I'X direction in fcc Pd can lead to RKKY-like oscillations in
the exchange coupling in Fe/Pd/Fe trilayers.
IV. CONCLUSION AND DISCUSSION Since it was difficult to take account of the band structure

By extending the theory of the exchange coupling be-°f Pd and Pt precisely in the theory, we made use of an
tween two magnetic spins embedded in a NM metal, inefféctive mass approximation for the-like holes and a
which the RPA was used for the-e exchange interaction, model of an interacting free electron gas was applied to re-
we calculated the exchange coupling between two FM Iayer§'dua| d-like holt_as in the present calpulatlons. Th|s. model
mediated through a NM spacer metal having large exchang!%as, been used in the.earher calculations for. the spin polar—
enhancement in the paramagnetic susceptibility. The formuliation of the coonﬂuct!on electrons surrounding a magnetic
of the exchange coupling is given by Ed4.3) together with ~ SPin i Pd metaf® This picture for conduction electrons in
Eq. (6). The present theory revealed that the exchange coJ—he_ NM spacer metz_;tls 3|mpl_|f|_es our calculat_lons a great deal
pling decreases with an increasing interlayer thickness in ¥hile at the same time retaining the essential physics of the
nontrivial manner, and an oscillatory behavior superimposedroblem. Therefore, we could perform the calculations ana-
on the exponentially decreasing background is C|ear|>)yt|cally.and obtain a physically transparent |]Iustrat|on of
shown. The exponentially decreasing background producest§® various aspects of the exchange coupling. However,
ferromagnetic bias to the oscillatory exchange coupling reSOMe changes in the present results may be expected in the
markably for low spacer thicknesses. calculated results due to band structure effects since the os-

We can see a series of changes of the oscillatory behavid!lation periods, amplitudes, and phases are dependent on
of F(¢&) with increasinge from Figs. 2a)—2(d). It is found thg band structure near the Fermi surface of the spacer tran-
from Figs. 2b) and 2c) that the conditionz=0.875 corre- Sition metal. , _ _
sponds to a border whether the first AFM exchange coupling AS We have seen in the preceding sections, the present
appears or not, and the conditiar=0.935 corresponds to a Mmodel for the spacer transition metals, though being ex-
border whether the second AFM exchange coupling appeaFéemely simplified one, seems to explain essential features of
or not. The first AFM exchange coupling can appear up tdN€ €xchange coupling. . _

«=0.875, and the first AFM exchange coupling disappears It was re\(ealed that if the-e exch.ange mte_ractlon among
and the second AFM exchange coupling can still appear fof ele.ctronslln the NM spacer layer is strong, it plays a crucial
« above 0.875 and below 0.935. Moreover, both the first and€!€ in the interlayer thickness dependence of the exchange
second AFM exchange couplings disappear éorabove — COUpling between FM layers in superlattices.

0.935. However, the traces of the disappeared AFM ex-

change couplings can be recognized as an easy slope and a APPENDIX

dip in the region of the FM oscillatory exchange coupling,
e.g., an easy slope g7 and a dip at~12 for «=0.95 as
shown in Fig. 2d).

From Fig. 3 we see that the first and second AFM ex- iz
change couplings disappear and the third AFM one appears % e“*f(2) dz (A1)
in magnetic sandwiches, Fe/Pd/Fe by Gelinski's grbf, 1-(al2)f(z)

EXCHANGE COUPLING

-2

Moriya used the value o#=0.95 in the analysis for the
extension of the positive spin polarization in Fe-Pd allblys.
Therefore,a=0.935 used here seems to be appropriate to th
Pd interlayer.

In this appendix we explain the method of integral of
F(&) of Eq.(5). Let us consider a contour integral of the type
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wheref(z) is identical to Eq.(4). The integral is performed semicircles centered at= =1 in the upper half-plane vanish
in the z complex plane by closing the path, consisting ofas the radius tends to infinity and infinitesimal, respectively.
lines (—, —1), (=1, 1), and (1, «) on the real axis, and The phase of In(32)/(1—2) is = for the domaing—~, —1)
infinitesimal semicircles centered &= +1 and infinite one and(1, «) and 0 for(—1, 1). A pole of the first order occurs

centered az=0 in the upper half-plane. The integral along on the imaginary axis at=iy,. Therefore, the contour in-
the semicircle centered a=0 and the integrals along the tegral gives

e o 1-x

eXs| f(x)+im o L eXEf(x)

dxs p —2 +f a—dX
1—§(f(x)+i7-r ) _11—§f(x)

-1 o
27 X (residue atiyo)z[f +f
I Y

2X
2

eixf(f(x)+iw =

-1 (= 2x ) e™¢f(x) = eX¥f(x)
= f +f dxy e — +f —dx. (A2)
o 1= fo0+in =) 1- -
L 2 2x 2 2
|
After some calculations, we obtain The pole of the first ordeily, can be obtained by solving
. the equation * (a/2)f(iyg)=0, i.e.,
fw eéf(x) g ,
X 2 a) 1+y
— 03 _ 0 _ 1
__ —|1-%]= tan . A4
2 -1 % The residue atyg, res (yg), is given by
=—— f +J dx
o —o 1 _ [2)\? y0e7y0§
oixe QX rediyo)==i| 2 , tan Ty,
X e 1-(1-yp) ——
1- 200 +im ] 1-Z ) ”°
7 | fOO+im— 2 ,(2)2 yoe Yot (A5)
=—\| — ,
+ 27 X (residue atiyo). (A3) @ 1_3 (1_5 1-y5
2) 1+yz
a Yo

The first term in Eq.(A3) seems too difficult to calculate
exactly. However, it is possible to calculate the term in anwhere Eq.(A4) is used for deriving the equation in the sec-
asymptotic expansion for large** ond line.
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