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Interlayer exchange coupling mediated by a nonmagnetic spacer layer
with a large electron-electron exchange interaction

Y. Takahashi
Toshiba Technical Institute, Toshiba Human Resources Development Corporation, Ohmiya-cho 27, Saiwai-ku, Kawasaki 210,

~Received 20 March 1997; revised manuscript received 9 June 1997!

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.
@S0163-1829~97!04337-3#
-
r/
ne
ce
ay

b
rk

ng

ic
l-
te
a

th
ap
L

u-
se
n-
pt

on
e
e

ta
or
ec
a

he

r to

n-
ted
m

by
ture

to
lat-
r-

lso

och
een
ex-

al
um

r
the
w-
d

e of

lly
is

nt in
I. INTRODUCTION

Since Gru¨nberget al.1 discovered that the magnetic mo
ment in Fe layers separated by a spacer Cr layer in Fe/C
sandwiches could be coupled to each other antiferromag
cally, and Baibichet al.2 studied the giant magnetoresistan
~GMR! in Fe/Cr superlattices resulting from the interpl
between electron transport and magnetic behavior, a num
of studies have been made of these phenomena. Pa
More, and Roche3 discovered that the exchange coupli
could oscillate between ferromagnetic~FM! and antiferro-
magnetic ~AFM! coupling as a function of nonmagnet
~NM! spacer thickness. Parkin4 also revealed that the osci
latory exchange coupling between two FM layers separa
by ordinary NM transition metals or noble metals is quite
common phenomenon.

There has been a great interest in GMR, not only for
underlying mechanism, but also for its practical device
plications such as magnetoresistive heads and sensors.
saturation magnetic fields resulting from a low AFM co
pling strength are desirable for the enhancement of the
sitivity of device applications. The technology for the e
hancement has been studied in methods such as ado
magnetic materials as soft as possible for FM layers,5 choos-
ing a thicker NM spacer layer corresponding to the sec
peak in the GMR effect,6 employing a spin-valve structur
with an uncoupled behavior at large NM spacer lay
thicknesses,7 and inserting subsidiary soft FM layers.8

There have been many theoretical investigations to at
some better insight into the mechanism of the oscillat
exchange coupling. The spin polarization of conduction el
trons in the NM spacer via the Rudermann-Kittel-Kasuy
560163-1829/97/56~13!/8175~8!/$10.00
Fe
ti-

er
in,

d

e
-
ow

n-

ing

d

r

in
y
-
-

Yoshida ~RKKY ! interaction and the discreteness of t
spacer thickness due to a stack of atomic monolayers~ML !,
known as aliasing, were taken into consideration in orde
explain the oscillatory exchange coupling.9,10 Very recently,
the effect of a composite NM layer which consists of a co
ventional NM layer and a potential scattering layer inser
in it was analyzed, and it was found that the transition fro
FM to AFM coupling or the reverse could be induced
changing the potential parameters under a definite struc
of the superlattices.11 The Anderson model of thes-d mixing
at the interfaces between FM and NM layers was applied
the problem of the exchange coupling in magnetic super
tices, and two types of couplings, i.e., RKKY-like and supe
exchange interactions, were shown.12 A spin-dependent
quantum well description of the electronic structure has a
been proposed for the coupling mechanism.13 The quantum
interference due to the spin-dependent reflections of Bl
waves at the interfaces between NM and FM layers has b
considered as a general approach to the problem of the
change coupling.14 This approach is an analogy of an optic
Fabry-Pe´rot resonator and is closely related to the quant
well description.

The exchange effect due to the electron-electron (e-e)
Coulomb interaction amongd electrons in the NM space
layer has not been considered so far in the context of
exchange coupling theory in magnetic superlattices. Ho
ever, since thee-e exchange interaction is strong in Pd an
Pt metals, it should be taken into consideration in the cas
those NM spacer layers.

Especially, Pd is a more interesting metal magnetica
since it is near the critical boundary for ferromagnetism. It
a nonmagnetic metal having large exchange enhanceme
8175 © 1997 The American Physical Society
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8176 56Y. TAKAHASHI
the paramagnetic susceptibility, and dilute Fe-Pd and Co
alloys show giant magnetic moments as large as 10mB per
impurity associated with impurity atoms. This was first o
served through the paramagnetic susceptibility and the fe
magnetic saturation magnetization.15

The giant magnetic moments of Fe or Co atoms in th
alloys indicate a long-range ferromagnetic spin coupling
sociated with a long-range spin polarization in Pd host me
Therefore, it has been considered that the giant magn
moments in Pd alloys are certainly related to the large
change enhancement in the paramagnetic susceptibility o
metal.

The same phenomenon of spin polarization has been
served in Fe/Pd~Refs. 16–18! and Co/Pd~Refs. 16, 19 and
20! superlattices, in which the ferromagnetic polarization
Pd atoms at the interfaces was found. Gelinskiet al.17 ob-
served magnetic properties of the Fe/Pd/Fe trilayers and
dividual Fe/Pd and Pd/Fe bilayers by using ferromagn
resonance~FMR! and Brillouin light scattering~BLS!. The
samples were grown by molecular beam epitaxy, and a 5
laterally expanded Pd~001! lattice was formed. It was show
from investigated magnetic moments that the Fe/Pd inter
creates an extra magnetic moment of 0.9mB/interface atom
and that 0.5mB of the creation belongs to two adjacent P
layers and the balance of 0.4mB enhances the Fe magnet
moments in the interface, and the magnetic moment of 5
4Pd/10Fe trilayer is equal to the sum of the magnetic m
ments for the individual 5Fe/8Pd and 8Pd/10Fe bilaye
They concluded that the laterally expanded Pd interlayers
very reluctant to participate in a FM transition even in t
presence of the surrounding Fe layers. For thicknesses u
4 ML the Pd was ferromagnetic throughout the whole lay
and one additional Pd ML destroyed the ferromagnetism
the Pd. However, it possessed a fluctuating magnetic
ment partly polarized by the exchange field from adjacent
layers.

By using the FMR, BLS, and the surface magneto-opti
Kerr effect, Gelinski’s group17,21 also found that the ex
change coupling between two Fe films separated by a
interlayer whose thicknesses range from 4 to 12 ML is f
romagnetic and exhibits an oscillatory behavior super
posed on the monotonically decreasing background. The
riodicity of the oscillatory behavior was approximately
ML, and the crossover from FM to a weak AFM exchan
coupling occurred at a 12 ML thickness and the AFM e
change coupling showed a maximum value around th
nesses of 14 ML. The observation of a weak AFM exchan
coupling in an Fe/Pd/Fe/Ag~001! trilayer is particularly in-
teresting in both the fundamental and application viewpoin

On the other hand, Childresset al.18 investigated the mag
netic properties of high-quality epitaxial Fe/Pd~001! super-
lattices grown upon MgO~100! substrates. The Pd interface
were strongly polarized by the proximity of the Fe momen
and the optical Kerr domain imaging observations sugge
that the coupling is ferromagnetic for the range of 10–50
Pd thicknesses, while the presence of a weak in-pl
uniaxial anisotropy in addition to the cubic anisotropy of
can be mistaken for appearance of the AFM exchange c
pling. Hicken et al.22 measured the exchange coupling
room temperature in epitaxial Fe/Pd/Fe trilayers grown up
MgO~100! substrates by using BLS and the polar magne
d
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optic Kerr effect, and concluded that the FM exchange c
pling is observed for the range of 14–30 Å Pd thickne
although it is of course possible that the AFM exchan
coupling may exist for larger Pd interlayer thickness.

The induced spin polarization of individual Pd layer
Co/Pd superlattices was calculated using the layer Korin
Kohn-Rostoker method by Victora and MacLaren,23 and also
using the discrete variational Slater’sX a potential by Miura
et al.24 In those calculations, the polarization of reverse
rection to its neighboring one was surprisingly predicted
the central Pd layer when the Pd layer thickness is 5 ML

There has already been an attempt to make Pd layer
romagnetic by expanding its volume in the structure of e
taxial metal film sandwiches. Brodsky and Freeman25 studied
A(001)/Pd(001)/A(001) sandwiches, where theA repre-
sents Ag or Au and the thicknesses of Pd are 7–11 ML. T
tried to trigger the FM state in Pd by stretching the Pd latt
by about 2.4% usingA(001) templates and found that th
samples show an enormous enhancement of the Pauli
ceptibility, but the Pd layer still remains paramagnetic. T
enormous enhancement of the Pauli susceptibility in
above samples was successfully explained phenomeno
cally by considering the change of the electronic struct
between states of a thin film and a bulk and that of
intra-atomic Coulomb interaction due to the volume expa
sion and also the electronic Gru¨neisen constant.26

The magnetic properties of superlattices containing Pt
terlayers have also been observed. Parkin4 reported no AFM
exchange coupling in Co/Pt superlattices, but alluded to
possibility that structural defects could obscure the prese
of the AFM exchange coupling. Danget al.27 observed con-
clusive evidence for the AFM exchange coupling in molec
lar beam epitaxy grown Co/Pt~111! superlattices, consisting
of 35- and 52-Å Co and 18-Å Pt layers, by using bo
nuclear magnetic resonance and low-temperature magne
tion measurements. In explanation of the AFM exchan
coupling in Co/Pt superlattices, they considered that
RKKY interaction is expected to be more apparent since
e-e exchange interaction among 5d conduction electrons in
the Pt interlayer is rather weak.

Apart from the induced spin polarization by the proximi
of FM layers and the oscillatory exchange coupling betwe
FM layers, some Pd or Pt-based superlattices have ano
attractive phenomenon, i.e., a perpendicular magnetic an
ropy with a high coercive force. Since the perpendicu
magnetic anisotropy at room temperature was reported
Carcia et al.28 for sputtered Pd/Co superlattices with C
thickness less than 8 Å, much attention has been paid to
phenomenon because of interest in the underlying mec
nism and applications to high-density magneto-optic reco
ing media. It was found that the systems such
Pd/Co,16,19,28–31 Pt/Co,30,32 Au/Co,33–35 and Ru/Co,36 con-
taining FM layers thinner than several ML, show perpe
dicular magnetic anisotropy, but the Ag/Co~Refs. 34, 35,
and 37! and Pd/Fe~Refs. 16 and 19! systems do not. Al-
though the origin of the perpendicular magnetic anisotrop
not yet well revealed, it has been generally understood28 that
the appearance of the perpendicular magnetic anisotrop
the result of competition between the Ne´el-type magnetic
surface anisotropy which favors a perpendicular magnet
tion and a volume anisotropy which favors an in-plane m
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56 8177INTERLAYER EXCHANGE COUPLING MEDIATED BY A . . .
netization. Here the volume anisotropy consists of contri
tions from demagnetization, magnetoelastic, a
magnetocrystalline anisotropy energies.

The exchange coupling between FM layers is of gr
interest if the FM layers are likely to polarize the NM spac
layer magnetically as is the case with Pd and Pt. The purp
in the present article is to calculate the exchange coup
including the effects of a stronge-e exchange interaction
amongd electrons in the NM spacer layer and to reveal
possibility of the presence of the AFM exchange coupling
such a system.

II. FORMULATION

We derive an expression for the exchange coupling
tween two FM layers embedded in a NM metal having la
exchange enhancement in the paramagnetic susceptib
We assume that atoms inside FM layers are coupled by
usual exchange interaction as in bulk metal, and only
interface atoms of a FM layer are coupled to the interfa
atoms of the other FM layer through the spin polarization
conduction electrons in the NM layer. Then, the system
equivalent to two parallel FM planes embedded in a b
NM metal.9–12,38,39

To calculate the exchange coupling between two FM l
ers, we use the Fermi contact interaction between spin
magnetic atoms and conduction electrons only at interfa
Then, the perturbation HamiltonianH8 is given by

H852Jv@d~r2R1!s•S11d~r2R2!s•S2#, ~1!

whereJ is a coupling constant,v an atomic volume,Si the
magnetic spin at siteRi on interfacesi ~i 51 and 2!, ands
the Pauli spin matrices of conduction electrons at positior .
Here theRi ’s are designated asRi5(Ri i ,Riz).

Before calculating the exchange coupling between m
netic spinsS1 andS2 embedded in a NM metal having stron
e-e exchange interaction, the spin polarization of the co
duction electrons surrounding a magnetic spin must be
tained in the NM metal. Giovannini, Peter, and Schrieffe40

showed numerically that the effect of thee-e exchange in-
teraction among conduction electrons strongly modifies
form of the induced spin polarization surrounding a localiz
moment in Pd and that the main effect is to increase
polarization on the sites neighboring the localized mome
On the other hand, Moriya41 obtained an asymptotic expan
sion for the spin polarization at a long distance from a m
netic spin in the random-phase approximation~RPA! for the
e-e exchange interaction.

According to earlier calculations in which an electron g
model was taken,40,41 the exchange coupling energyd
Fspin pairbetween magnetic spinsS1 andS2 can be calculated
within the RPA by

dFspin pair5
9

2

J2

«F
S Nc

N D 2

G~2kFuR12R2u!S1•S2 , ~2!

where

G~j!5
1

j

]

]j E
2`

` eixj f ~x!

12~a/2! f ~x!
dx, ~3!

with
-
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f ~x!511
12x2

2x
lnU11x

12xU. ~4!

Here kF and «F are the Fermi wave number and the Fer
energy of conduction electrons, respectively,Nc and N are
the numbers of conduction electrons and atoms of the
tem, respectively, anda is thee-e exchange interaction pa
rameter in the NM spacer layer and its value is defined
0<a,1. The condition ofa>1 leads to a spontaneous tra
sition to FM order.

The integral in Eq.~3!,

F~j![E
2`

` eixj f ~x!

12~a/2! f ~x!
dx, ~5!

seems too difficult to calculate exactly. However, as e
plained in detail in the Appendix, by applying the method
contour integrals in the complex plane toF(j), we attain the
following asymptotic expansion for a long distance betwe
magnetic spins:

F~j!'
2p

~12a/2!2 Fsinj

j2 2
cosj

j3 1
4a

22a

3S 3

2
2 ln 22g2 ln j D cosj

j3 G12pg~a!e2y0j,

~6!

with

g~a!5S 2

a D 2 y0

12~2/a!~12a/2!@~12y0
2!/~11y0

2!#
~7!

and a solutiony0 of the equation

2

a S 12
a

2 D5
11y0

2

y0
tan21y0 , ~8!

whereg50.5772... is Euler’s constant. The second term
Eq. ~6! is a contribution from the pole on the imaginary ax
iy0 , in the complex plane, and it has an exponentially d
creasing behavior with respect toj.

For the special cases ofa!1 or a<1, y0 andg(a) can be
approximately given as

y05
4

ap
, g~a!5

32

a3p2

1

y0
, a!1, ~9!

or

y05A3S 1

a
21D , g~a!5

3

a2

1

y0
, a<1. ~10!

From theG(j) of Eq. ~3! together with theF(j) of Eq.
~6!, we can obtain the exchange coupling energy betw
magnetic spins in a NM metal having stronge-e exchange
interaction. It is easily seen that the spin polarization dis
bution surrounding a magnetic spin obtained earlier
Moriya41 leads to the same result with thed Fspin pair of Eq.
~2!.

So far, we have calculated only the exchange coupl
between magnetic spins situated on an arbitrary site at e
interface between the FM and NM layers. In order to eva
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8178 56Y. TAKAHASHI
ate the exchange coupling between two FM layers separ
by the NM spacer layer, we start from Eq.~2! and sum over
all magnetic spin pairs between two FM layers. The summ
tion can be done analytically in the continuous limit of t
magnetic spin distribution.

Since uR12R2u, the distance between magnetic spinsS1

andS2 , is written asuR12R2u5AR'
2 1(R1i2R2i)2 with the

thickness of the NM spacer layerR' , one obtains

E E dR1idR2iG„2kFAR'
2 1~R1i2R2i!

2
…

5E E dR1idR2i E
0

`

duG~2kFAR'
2 1u!

3d„u2~R1i2R2i!
2
…

5E
0

`

duG~2kFAR'
2 1u!pA, ~11!

whered means the Dirac delta function andA is the area of
the FM layer. Here we used a simple relation

E E dR1idR2id„u2~R1i2R2i!
2
…5pA,

which is obtained easily by changing the integral variable
Let us proceed with the integral by introducing a ne

variablej asj52kFAR'
2 1u. By changing the integral vari

able fromu to j, Eq. ~11! is calculated as

E
0

`

du G~2kFAR'
2 1u!pA5E

2kFR'

` 1

2kF
2 j dj G~j!pA

5E
2kFR'

` 1

2kF
2 j dj

1

j

]F~j!

]j
pA

52
1

2kF
2 F~2kFR'!pA, ~12!

whereF(`)50 should be noted.
Therefore, the exchange coupling energy per unit a

between two FM layers,dF interlayer, is given within the RPA
by

dF interlayer52
9p

4

J2

«F
2 S Nc

N D 2 \2

2m
F~2kFR'!S̄1•S̄2 ,

~13!

where the functionF(j) has already been given by Eq.~6!,
and S̄1 and S̄2 are the magnetic spin densities on each F
layer, respectively. The formula of Eq.~13! is the main result
in the present calculations.

Whena50, i.e., noe-e exchange interaction,d F interlayer
has already been calculated exactly in another method.9,39,42

Let us define the exact result byJinterlayer. The Jinterlayer is
given by

Jinterlayer52
9p

4

J2

«F
2 S Nc

N D 2 \2

2m
Ex~2kFR'!S̄1•S̄2 ,

~14!

where
ed

-

.

a

Ex~j!5pS sinj2j cosj

j2 1E
j

` sint

t
dtD . ~15!

Whenj is large enough, we obtain an asymptotic expa
sion of Ex(j) as

Ex~j!'2pS sinj

j2 2
cosj

j3 D . ~16!

When a'0, on the other hand, theF(j) of Eq. ~6! be-
comes equal to the asymptotic formulaEx(j) given by Eq.
~16! because of the relationg(a)e2y0j'0, which is easily
understood from Eq.~10!. Therefore, it is shown tha
dF interlayer of Eq. ~13! and the exactly calculatedJinterlayer of
Eq. ~14! are equal each other in the case ofa'0 andj large
enough.

III. CALCULATED AND EXPERIMENTAL RESULTS

A. Calculated results

Although the exactF(j) in general cases ofa could not
be obtained because of difficulty of calculations, t
asymptotic expansionF(j) of Eq. ~6! was achieved. There
fore, it is very important in the present theory to find th
range ofj for which the asymptotic expansionF(j) of Eq.
~6! is valid. Since in the special case ofa50 the asymptotic
expansionF ~j! of Eq. ~6! can be compared with the exa
F(j), i.e., Ex(j) of Eq. ~15!, we can determine the suitabl
range ofj. The calculated results of theF(j) of Eq. ~6! with
a50 and theEx(j) of Eq. ~15! are shown in Fig. 1. The
positive and negative values correspond to the FM and A
exchange couplings, respectively. It can be recognized f
Fig. 1 that the asymptotic expansionF(j) with a50 is a
fairly good approximation to the exactEx(j) of Eq. ~15! for
j larger than about 3 and that the numerical calculations
valid for j from the region of the first AFM exchange cou
pling. Although the results mentioned above were deriv

FIG. 1. Exchange coupling~arbitrary units! calculated by the
asymptoticF(j) of Eq. ~6! with a50 and the exactEx(j) of Eq.
~15!. The positive and negative values correspond to the FM
AFM exchange coupling, respectively. Numerical results by
asymptotic and the exact formulas are shown by solid and l
curves, respectively. The vertical scale in an inset is change
order to see a whole view of results forj from 0 to 10. Whenj50,
Ex(j)5p2/2'4.93 andF(j)52`.
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FIG. 2. Calculated results ofF(j) andFosc(j) for various values ofa: ~a! a50.6, ~b! a50.875,~c! a50.935, and~d! a50.95. Solid and
light curves indicate results ofF(j) andFosc(j), respectively. The conditions ofa50.875 anda50.935 correspond to the borders wheth
the first AFM exchange coupling appears or not and whether the second AFM exchange coupling appears or not under the disapp
the first AFM exchange coupling, respectively.
.

gh

to
er
e

nt

yer
by

ts
en
ted
ave
FM
l-

ade
en-
al-
ex-
from the examination for the special case ofa50, it can be
assumed that theF(j) with any a of Eq. ~6! is sufficiently
valid from the region of the first AFM exchange coupling

Now let us define functionsFosc(j) andFdec(j) by

Fosc~j![
2p

~12a/2!2 Fsinj

j2 2
cosj

j3 1
4a

22a

3S 3

2
2 ln 22g2 lnj D cosj

j3 G
and

Fdec~j![2pg~a!e2y0j

in order to rewrite Eq.~6! as

F~j!'Fosc~j!1Fdec~j!.

Numerical calculations of theF(j) were carried out for
various values ofa, and we show the results fora which
give the characteristic behavior in theF(j). The calculated
results ofF(j) andFosc(j) are shown in Figs. 2~a!–2~d! for
a50.6, 0.875, 0.935, and 0.95, respectively. Solid and li
curves indicate the results of theF(j) andFosc(j), respec-
tively. Of course, the difference between theF(j) and
t

Fosc(j), i.e., Fdec(j), gives the ferromagnetic bias due
effects of thee-e exchange interaction in the NM spac
layer. It is clearly shown that the contributions from th
Fdec(j) to the Fosc(j) are very important, and the resulta
oscillatory behavior, i.e.,F(j), is drastically changed with
increasinga.

B. Comparison between experimental and calculated results

The dependence of the exchange coupling on interla
thicknesses for magnetic sandwiches Fe/Pd/Fe at 77 K
Gelinski’s group17,21 was compared with calculated resul
for a50.935, and the results are shown in Fig. 3. Op
circles and solid curve indicate experimental and calcula
results, respectively. Since the experimental results h
shown just disappearance of the region of the second A
exchange coupling,a50.935 was used in the numerical ca
culations according to the results shown in Fig. 2~c!. The
fitting of adjustable parameters in the theory has been m
in order to obtain an overall agreement between experim
tal and calculated results. As a result of the fitting, the c
culated results show a well-satisfied agreement with the
perimental ones.
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8180 56Y. TAKAHASHI
Moriya used the value ofa50.95 in the analysis for the
extension of the positive spin polarization in Fe-Pd alloys41

Therefore,a50.935 used here seems to be appropriate to
Pd interlayer.

IV. CONCLUSION AND DISCUSSION

By extending the theory of the exchange coupling b
tween two magnetic spins embedded in a NM metal,
which the RPA was used for thee-e exchange interaction
we calculated the exchange coupling between two FM lay
mediated through a NM spacer metal having large excha
enhancement in the paramagnetic susceptibility. The form
of the exchange coupling is given by Eq.~13! together with
Eq. ~6!. The present theory revealed that the exchange c
pling decreases with an increasing interlayer thickness
nontrivial manner, and an oscillatory behavior superimpo
on the exponentially decreasing background is clea
shown. The exponentially decreasing background produc
ferromagnetic bias to the oscillatory exchange coupling
markably for low spacer thicknesses.

We can see a series of changes of the oscillatory beha
of F(j) with increasinga from Figs. 2~a!–2~d!. It is found
from Figs. 2~b! and 2~c! that the conditiona50.875 corre-
sponds to a border whether the first AFM exchange coup
appears or not, and the conditiona50.935 corresponds to
border whether the second AFM exchange coupling app
or not. The first AFM exchange coupling can appear up
a50.875, and the first AFM exchange coupling disappe
and the second AFM exchange coupling can still appear
a above 0.875 and below 0.935. Moreover, both the first
second AFM exchange couplings disappear fora above
0.935. However, the traces of the disappeared AFM
change couplings can be recognized as an easy slope a
dip in the region of the FM oscillatory exchange couplin
e.g., an easy slope atj'7 and a dip atj'12 for a50.95 as
shown in Fig. 2~d!.

From Fig. 3 we see that the first and second AFM e
change couplings disappear and the third AFM one app
in magnetic sandwiches, Fe/Pd/Fe by Gelinski’s group,17,21

FIG. 3. Experimental and calculated results of exchange c
pling ~arbitrary units! in magnetic sandwiches Fe/Pd/Fe. Op
circles and the solid curve indicate experimental results at 7
~Refs. 17 and 21! and calculated ones, respectively.a50.935 is
used in the numerical calculation.
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and the present theoretical result agrees well with the exp
mental results. An easy slope atj'7 in the experimental
results suggests a trace of the first AFM exchange coupl

Moriya41 has estimated the value ofa for Pt metal by
comparing the magnetic susceptibility with the electron
specific data and obtaineda50.6. It is small compared with
that of Pd metal. It is seen from the results shown in Fig. 2~a!
that the contribution from the exponentially decreasing
havior is fairly reduced in the case of magnetic superlatti
with a Pt interlayer. Therefore, the conventional oscillato
exchange coupling is dominant and the first and second A
exchange coupling can be definitely expected as D
et al.27 observed the conclusive evidence for AFM exchan
coupling in Co/Pt superlattices.

We considered a highly simplified model of an interacti
free electron gas to describe the NM spacer metal. Theref
it should be noted that the results in the present article p
vide a partial and qualitative understanding of real syste
In transition metals such as Pd or Pt near the right end of
transition-metal series, the Fermi level lies within thed band,
and the Fermi surface consists of two regions of holes
one compensating region of electrons.43 Of these three sur-
faces, the small pockets of heavyd-like holes atX are ellip-
soids of revolution prolate along theGX direction. Indeed, it
has been found21 that theX-centered hole pockets along th
GX direction in fcc Pd can lead to RKKY-like oscillations i
the exchange coupling in Fe/Pd/Fe trilayers.

Since it was difficult to take account of the band structu
of Pd and Pt precisely in the theory, we made use of
effective mass approximation for thed-like holes and a
model of an interacting free electron gas was applied to
sidual d-like holes in the present calculations. This mod
has been used in the earlier calculations for the spin po
ization of the conduction electrons surrounding a magn
spin in Pd metal.40,41This picture for conduction electrons i
the NM spacer metals simplifies our calculations a great d
while at the same time retaining the essential physics of
problem. Therefore, we could perform the calculations a
lytically and obtain a physically transparent illustration
the various aspects of the exchange coupling. Howe
some changes in the present results may be expected in
calculated results due to band structure effects since the
cillation periods, amplitudes, and phases are dependen
the band structure near the Fermi surface of the spacer
sition metal.

As we have seen in the preceding sections, the pre
model for the spacer transition metals, though being
tremely simplified one, seems to explain essential feature
the exchange coupling.

It was revealed that if thee-e exchange interaction amon
d electrons in the NM spacer layer is strong, it plays a cruc
role in the interlayer thickness dependence of the excha
coupling between FM layers in superlattices.

APPENDIX

In this appendix we explain the method of integral
F(j) of Eq. ~5!. Let us consider a contour integral of the typ

R eizj f ~z!

12~a/2! f ~z!
dz, ~A1!

u-

K



o

g
e

h
ly.

-

56 8181INTERLAYER EXCHANGE COUPLING MEDIATED BY A . . .
where f (z) is identical to Eq.~4!. The integral is performed
in the z complex plane by closing the path, consisting
lines ~2`, 21!, ~21, 1!, and ~1, `! on the real axis, and
infinitesimal semicircles centered atz561 and infinite one
centered atz50 in the upper half-plane. The integral alon
the semicircle centered atz50 and the integrals along th
a

H

.
la

m

R

f
semicircles centered atz561 in the upper half-plane vanis
as the radius tends to infinity and infinitesimal, respective
The phase of ln(11z)/(12z) is p for the domains~2`, 21!
and~1, `! and 0 for~21, 1!. A pole of the first order occurs
on the imaginary axis atz5 iy0 . Therefore, the contour in
tegral gives
2p i 3~residue at iy0!5H E
2`

21

1E
1

`J dxH eixjS f ~x!1 ip
12x2

2x D
12

a

2 S f ~x!1 ip
12x2

2x D J 1E
21

1 eixj f ~x!

12
a

2
f ~x!

dx

5H E
2`

21

1E
1

`J dxH eixjS f ~x!1 ip
12x2

2x D
12

a

2 S f ~x!1 ip
12x2

2x D2
eixj f ~x!

12
a

2
f ~x!

J 1E
2`

` eixj f ~x!

12
a

2
f ~x!

dx. ~A2!
c-
After some calculations, we obtain

E
2`

` eixj f ~x!

12
a

2
f ~x!

dx

52
2

a H E
2`

21

1E
1

`J dx

3H eixj

12
a

2 S f ~x!1 ip
12x2

2x D2
eixj

12
a

2
f ~x!J

12p i 3~residue at iy0!. ~A3!

The first term in Eq.~A3! seems too difficult to calculate
exactly. However, it is possible to calculate the term in
asymptotic expansion for largej.44
n

The pole of the first orderiy0 can be obtained by solving
the equation 12(a/2) f ( iy0)50, i.e.,

2

a S 12
a

2 D5
11y0

2

y0
tan21y0 . ~A4!

The residue atiy0 , res (iy0), is given by

res~ iy0!52 i S 2

a D 2 y0e2y0j

12~12y0
2!

tan21y0

y0

52 i S 2

a D 2 y0e2y0j

12
2

a S 12
a

2 D 12y0
2

11y0
2

, ~A5!

where Eq.~A4! is used for deriving the equation in the se
ond line.
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~1993!; M. C. Muñoz and J. L. Pe´rez-Dı́az, ibid. 72, 2482
~1994!.

39Y. Yafet, Phys. Rev. B36, 3948~1987!.
40B. Giovannini, M. Peter, and J. R. Schrieffer, Phys. Rev. Lett.12,

736 ~1964!.
41T. Moriya, Prog. Theor. Phys.34, 329 ~1965!.
42W. Baltensperger and J. S. Helman, Appl. Phys. Lett.57, 2954

~1990!.
43A. J. Freeman, A. M. Furdyna, and J. O. Dimmock, J. Appl. Ph

37, 1256~1966!.
44M. J. Lighthill, Introduction to Fourier Analysis and Generalize

Functions ~Cambridge Univevsity Press, Cambridge, Englan
1958!, Chap. 4.


