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A theory of interlayer exchange coupling is presented. A detailed and comprehensive discussion
of the various aspects of the problem is given. The interlayer exchange coupling is described in
terms of quantum interferences due to confinement in ultrathin layers. This approach provides both
a physically transparent picture of the coupling mechanism, and a suitable scheme for discussing the
case of a realistic system. This is illustrated for the Co/Cu/Co(001) system. The cases of metallic
and insulating spacers are treated in a unified manner by introducing the concept of the complex

Fermi surface.

L INTRODUCTION

Since the first observation by Griinberg et al.! of an-
tiferromagnetic coupling of Fe films separated by a Cr
spacer, the interlayer exchange interaction between fer-
romagnetic layers separated by a nonmagnetic spacer has
been a subject of intense research in the last few years.
The decisive stimulus came from the discovery, by Parkin
et al.,? of oscillations of the interlayer exchange coupling
in Fe/Cr/Fe and Co/Ru/Co multilayers, as a function of
spacer thickness. Furthermore, Parkin® showed that this
spectacular phenomenon occurs with almost any transi-
tion metal as a spacer material.

Investigations of interlayer exchange coupling across
nonmetallic spacer layers have been pioneered by Toscano
et al.,* who studied the coupling of Fe films separated
by amorphous Si. A striking feature is that the cou-
pling, in contrast to the case of a metal spacer, increases
with increasing temperature.® Furthermore, Mattson et
al.® found that the coupling across a FeSi spacer may be
induced by illumination by visible light; this behavior,
however, remains controversial.”

For the case of metal spacers, a great number of the-
oretical studies has been performed, essentially focusing
on the oscillatory character of the coupling. There are es-
sentially two classes of approaches to this problem: total-
energy calculations and model calculations.

The idea of the former approach is to compute the to-
tal energy of the system for configurations of parallel and
antiparallel alignment of the magnetizations in neighbor-
ing magnetic layers, and to identify the energy difference
with the interlayer exchange coupling. Such calculations
have been performed either within semiempirical tight-
binding models® or ab initio schemes.®~13 Although it is
very simple and straightforward in principle, this kind
of approach is actually very difficult. The point is that
the energy difference between the parallel and antiparal-
lel configurations is tiny (of the order of 1 meV or less,
per unit cell), whereas the total energy is large. This
makes numerical convergence of the calculations a se-
rious problem. Furthermore, as the computation time
increases very rapidly with the size of the unit cell, total-
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energy calculations are usually restricted to small layer
thicknesses, which makes the investigation of long-period
oscillations problematic. Another difficulty concerns the
interpretation of the results: One usually has to perform
a Fourier analysis of the coupling versus spacer thickness
to identify the oscillation periods, whose interpretation
then relies on various models. In spite of these difficul-
ties, total-energy calculations have encountered encour-
aging success, at least as far as oscillation periods are
concerned. Nevertheless, the coupling strengths obtained
from total-energy calculations are typically one order of
magnitude larger (or even more) than the experimental
ones (for a review see Ref. 14). Thus, complete eluci-
dation of interlayer coupling from this kind of approach
remains a serious challenge.

In order to circumvent the difficulties mentioned above,
various models have been devised to get some better
insight in the mechanism of interlayer exchange cou-
pling. These are (i) the Ruderman-Kittel-Kasuya-Yosida
(RKKY) model,'*7 '8 in which the magnetic layers are
described as arrays of localized spins interacting with
conduction electrons by a contact exchange potential, (ii)
the free-electron model,'®22 of which many variants have
been proposed, (iii) the hole confinement model,?® which
is essentially a tight-binding model with spin-dependent
potential steps, and (iv) the Anderson (or sd-mixing)
model.2425

The great advantage of these models is that their sim-
plicity allows one to obtain analytical results, thus mak-
ing the physics transparent. In particular, all the models
relate the oscillation periods, in the limit of large spacer
thicknesses, to the Fermi surface of the bulk spacer ma-
terial.

The general criterion giving the oscillation periods
for an arbitrary (nonspherical) Fermi surface has been
given by Bruno and Chappert in the context of RKKY
theory.!” They have used this criterion to predict the os-
cillation periods for noble metal spacers, whose Fermi
surface is fairly simple and known accurately from de
Haas—van Alphen experiments.?® These predictions have
been confirmed successfully by numerous experimental
observations; in particular, the coexistence of a long and
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a short period for the (001) orientation has been found for
both noble metals,?”2° in good quantitative agreement
with RKKY theory. Further evidence of the validity of
the relationship between the oscillation periods and the
Fermi surface of the spacer has been obtained by vary-
ing systematically the number of valence electrons via
alloying.3°32 The criterion given by Bruno and Chap-
pert has been used by Stiles33 to determine the oscillation
periods for transition metal spacers; however, the Fermi
surfaces are so complicated, and the periods so numer-
ous, that a reliable comparison with experimental results
seems very doubtful.

Concerning the strength of the coupling, a general
trend obtained from the above models is that it depends
essentially on the degree of matching of the energy bands
at the paramagnet-ferromagnet interface; this appears
very clearly from the free-electron model, the hole con-
finement model, and the sd-mixing model. This trend
seems to be supported by the experimental results of
Parkin® for transition metal spacers; however, because
of the drastic idealization of these models, no quantita-
tive predictions for realistic systems have been given so
far.

In a recent paper, I proposed a general approach to the
problem of interlayer coupling,3* which offers a suitable
starting point for realistic calculations, and at the same
time provides deep physical insight into the mechanism
of interlayer coupling. In this approach, the interlayer
exchange coupling is described in terms of the quantum
interferences due to the (spin-dependent) reflections of
Bloch waves at the paramagnet-ferromagnet interfaces.
In its most general formulation, this approach embod-
ies all the models mentioned above as particular cases,
thus identifying clearly the features that are generic to
the phenomenon of interlayer coupling, and the ones that
depend on specific assumptions of a given model. Essen-
tially the same formulation has been subsequently pre-
sented by Stiles,3® who derived the expression of the cou-
pling directly in terms of the wave functions, instead of
using Green’s functions as in Ref. 34.

Until recently, it was generally believed that the in-
terlayer coupling is independent of the magnetic layers
thickness.3® On the other hand, Barna$!® found from nu-
merical calculations for the free-electron model that the
coupling oscillates versus magnetic layer thickness; how-
ever, the origin of this behavior remained unclear. As I
discussed in Ref. 36, it becomes almost obvious, in the
light of the “quantum interference” formulation, that one
may expect such oscillations, as a consequence of the in-
terferences associated with the multiple internal reflec-
tions in a magnetic layer of finite thickness, in analogy
with the reflection oscillations in an optical Fabry-Pérot
cavity. This prediction has been confirmed recently by
Bloemen et al.37 in Co/Cu/Co(001) and by Okuno and
Inomata in Fe/Cr/Fe(001).38

In contrast to the important theoretical literature de-
voted to interlayer coupling across a metal spacer, the
magnetic coupling across insulators has attracted very
little attention from the theoretical point of view. A no-
table exception is Slonczewski’s model of coupling, at
T = 0, through a tunneling barrier:3® The coupling in

this case is nonoscillatory, and decays exponentially with
spacer thickness. In a recent paper,?® I discussed this
problem within the quantum interference approach: At
T = 0, one obtains essentially the same results as Slon-
czewski; on the other hand, the coupling is found to in-
crease with increasing temperature, in contrast to the
metal spacer case.

One great virtue of the quantum interference approach
is that it allows one to treat metal and insulator spacers
in a unified manner, by using the concept of a complex
Fermi surface, as discussed in Ref. 40.

The purpose of the present paper is to give a compre-
hensive and extended discussion of the theory presented
in Refs. 34, 36, and 40. It is organized as follows: In
view of pedagogical clarity, after a heuristic presentation
of the physical mechanism of interlayer coupling and of
the underlying concepts (Sec. II), I shall illustrate the
theory within the simple free-electron model (Sec. III).
In Sec. IV, I shall present the material necessary to the
general theory of interlayer coupling; in particular, the
concept of complex Fermi surface will be introduced. The
general theory of interlayer coupling will be presented in
Sec. V. In Sec. VI, I discuss the connection between the
present approach and the various models that have been
used to study the problem of interlayer coupling. Then,
I will present, in Sec. VII, the complex Fermi surfaces of
noble metals, as calculated by using the linear muffin-tin
orbital (LMTO) method. In Sec. VIII, I shall discuss
how to calculate the reflection and transmission coeffi-
cients for realistic multiband systems. Finally, Sec. IX
is devoted to the discussion of a realistic case: namely,
Cu/Co(001).

II. QUANTUM INTERFERENCES
AND INTERLAYER EXCHANGE COUPLING

In this section, I shall present a heuristic presentation
of the interlayer coupling in terms of quantum interfer-
ences in the spacer layer; the emphasis will be on physical
transparency rather than on mathematical strictness.

A. One-dimensional model

To start with, I shall first consider a simple one-
dimensional model. The model consists of a spacer layer
of width D and potential V = 0, sandwiched between
two potential perturbations A and B of respective widths
L4 and Lpg, and respective heights V4 and Vg. Outside
the perturbations, the potential is equal to zero, and the
widths L4 and Lp may be finite or infinite. Positive
values for V4 and Vg correspond to potential barriers,
whereas negative values correspond to potential wells.

1. Change of density of states
due to the quantum interferences

Let us consider an electron of wave vector k; (with
k1 > 0) traveling in the spacer towards the right; as this
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electron encounters the perturbation B, it is reflected
with a (complex) amplitude rp = |rg|e??2. The reflected
wave, of wave vector —k , is in turn reflected on A with
amplitude r4 = |r4|e*®4, and so on. The module |r4(p)|
of the reflection coefficient gives the magnitude of the
reflected wave, while the argument ¢ 4By gives the phase
shift due to the reflection (note that the latter is not
absolute and depends on the choice for the coordinate
origin).

The multiple interferences that take place in the spacer
induce a change in the density of space. The phase shift
of the wave function after a complete round trip in the
spacer is

Ap =2k, D+ s+ ¢5 - (2.1)
Clearly, if the interferences are constructive, i.e., if
A¢ =2nm , (2.2a)

with n an integer, one has an increase of the density of
states; conversely, when the interferences are destructive,
ie.,

A¢ = (2n+ )7, (2.2b)
the density of states decreases. Thus, in a first approx-
imation, the change of density of states due to interfer-
ences, An(e), should vary like cos(2k; D + ¢4 + ¢B);
furthermore, it should be proportional to the strength of
the reflections on A and B, i.e., to |rarp|; finally it is
proportional to the spacer width D and to the density of
states per unit length and energy 29+, There is also a

Fral
factor of 2 for spin degeneracy. Thus we find

4D dk,.
7 de

~ —2— Im (Zide—‘LrArBezik*D) .
s de

An(e) = |rarp|cos (2k.D + ¢4 + &B)

(2.3)

It is more convenient to consider the integrated density
of states (the number of states of energy lower than ¢):

The change AN (e) of the integrated density of states is

n(e') de’ . (2.4)

AN(e) =~

30

2ikJ_D) ,

Im (rarpe (2.5)

where the energy derivative of the reflection coefficients
has been neglected compared to the energy derivative of
the exponential factor, which is a good approximation if
D is large.

The above derivation of the change of integrated den-
sity of states is not rigorous, but allows a clear physical
understanding of the effect of the quantum interferences
in the spacer. It is valid when the reflection coeflicients
are small, so that higher-order terms may be neglected.
On the other hand, if |r4| = |rg| = 1, the interferences
lead to bound states and the wave vector k) is quan-
tized; the bound states occur when the interferences are

constructive, i.e., when

2kyD + ¢4 + ¢ = 2nm , (26)
with n an integer. As D increases, the bound states move
towards lower energy and the integrated density of states
jumps each time a bound state has energy €.

The product |ra7p| measures the strength of the elec-
tron confinement in the spacer. As will be shown in
Sec. V, the exact expression of the change in the inte-
grated density of states due to quantum interferences is

AN(e) = — % Im In(1- rarge’*iD) (2.7)

Clearly, when |rarpg| is small, this expression reduces to
Eq. (2.5). A graphical interpretation of the above expres-
sion is obtained by noting that Im In(z) = Arg(z); thus
AN (€) is given by the argument, in the complex plane,
of a point which moves, as D varies, on a circle centered
at 1, and of radius |r47p|; this is illustrated in Fig. 1.

The variation of AN(e) versus spacer thickness D is
displayed in Fig. 2, for various values of the confinement
strength |rarp|. One observes that, for small confine-
ment strength, the variation of AN (g) versus D is sinu-
soidal, as expected from Eq. (2.5). As the confinement
strength increases, the oscillations are asymmetrically
distorted. Finally, for total confinement (|rarg| = 1),
AN(e) exhibits the jumps associated with the bound
states; in terms of the graphical interpretation (Fig. 1),
this is because the circle goes through the origin, so that
the argument jumps from 7 /2 to —n/2 for each bound
state. Note that the period A of the oscillations of AN (e),
of course, does not depend on the confinement strength,
but only on the wave vector k, ,i.e., A=n/k,.

So far, I have implicitly considered only states of posi-
tive energy. States of negative energy (i.e., of imaginary
wave vector) are forbidden in the absence of the pertur-
bations A and B, because their amplitude diverges, so
that they cannot be normalized. However, this no longer
holds in the presence of the perturbations if V4 or Vg
(or both) are negative: states of negative energy, i.e.,
states that vary exponentially in the spacer, can be con-

Im(z

Irarg! Re(@)

Arg(z) 1

FIG. 1. Graphical interpretation of Eq. (2.7).
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FIG. 2. Variation of the change of integrated density of
states due to quantum interferences, AN(e), vs spacer thick-
ness D, as given by Eq. (2.7), for various values of the con-
finement strength: (a) |rars| = 0.1, (b) |rars| = 0.8, (c)
|rarB| = 1 (total confinement).

nected to allowed states in A or B. To treat these states
consistently, we extend the concept of reflection coeffi-
cients to the states of imaginary wave vectors. One can
check that, with this generalization, Eq. (2.7) accounts
completely for the effect of the states of negative energy
(evanescent states). A detailed discussion of their role
will be presented in the following sections of the paper.

2. Energy associated with the quantum interferences

Let us now estimate the energy change, at T' = 0, of the
system, due to the quantum interferences in the spacer.
To ensure conservation of the number of particles, it is
convenient to work in the grand-canonical ensemble, and
to use the grand potential, which is, at T' = 0,

53
&= / (e — ex) n(e) de ; (2.8)
integrating by parts, this yields,
eF
®=— / N(e)de . (2.9)

Thus the energy change due to the quantum interfer-
ences is

eF
AE-—-—/ AN (e) de
—oo
2 - 2ik, D
— 12
== Im[wln(l—rArBe +P) de .

(2.10)

For small confinement, this becomes

2 EF .
AE ~ — — Im/ rarge?*iD de | (2.11)
™ —oo
One sees that states for which the interferences are con-
structive (destructive) contribute to a repulsive (attrac-
tive) force between A and B. Hereafter, AE will be called
the coupling energy.

B. Three-dimensional layered system

The generalization of the above discussion to the more
realistic case of a three-dimensional layered system is im-
mediate. It follows from the fact that, since the potential
depends only on the coordinate in the direction normal to
the layers, the in-plane component k), of the wave vector
is a good quantum number. Thus, for each ky, we have
an effective one-dimensional problem such as the one dis-
cussed above; the effect of the quantum interferences in
the spacer is obtained by summing over k. The change
in the integrated density of states per unit area is

AN(e) = —

273

13 Im/dzk” In (1 —’I”A’I'BEZUU‘D) s
(2.12)

and the coupling energy per unit area is

eF .
AE = 21? Im/dzk“/ In (1 —'rA'rBeZ‘k*D) de .

(2.13)

Of course, the reflection coefficients and the normal com-
ponent of the wave vector k) are now functions, not only
of the energy, but also of k. For small confinement, the
above expressions reduce, respectively, to

1 .
AN(e) » 5 Im/de” rarpeZkLD (2.14)

and

1 eF :
AE~ - Im/d2k||/ rarpe®*Pde . (2.15)

C. Quantum interferences in overlayers

A situation of great physical interest is the one of an
overlayer on a substrate. The overlayer is bounded on
one side by the vacuum, which can be modeled by a
semi-infinite potential barrier of height Vi, = ep + W,
where W is the work function. The vacuum barrier is per-
fectly reflecting for electrons below the vacuum level, i.e.,
|rvac| = 1. On the other side, the overlayer is bounded
by the (semi-infinite) substrate material, with a reflection
coefficent r.

The density of states in the overlayer below and
above the Fermi level can be probed experimen-
tally by using, respectively, direct and inverse photo-
emission spectroscopy. If, furthermore, one uses angle-
resolved photoemission, one can probe the density of
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states locally in the k| plane. As the thickness of the
overlayer is varied, the photoemission signal exhibits os-
cillations, with a period given by the wave vector k) in
the overlayer, and an amplitude proportional to |r|.

In the case where the substrate is a ferromagnetic
material, the reflection coefficient at the paramagnet-
ferromagnet interface depends on the direction of the
electron spin with respect to the magnetization direc-
tion in the ferromagnet; thus one has ' # rt. One then
defines

Tyl
F=l T (2.16a)
2
and
T
Ar="_ > A, (2.16b)

respectively, the spin average and spin asymmetry of the
reflection coefficients. If the photoemission experiment is
performed in a spin-polarized mode, one observes oscilla-
tions in the intensity and spin polarization of the signal.

Observations of the quantum interferences due to con-
finement in overlayers have been reported by Ortega
and Himpsel*! from non-spin-polarized inverse photo-
emission on Cu overlayers on Co(001) and Ag overlay-
ers on Fe(001). They suggested that these interferences
should be attributed to minority-spin electrons, and are
responsible for the oscillations of interlayer exchange cou-
pling versus spacer thickness. Confirmation of their sug-
gestion has been given by Garrison et al.? and Carbone
et al.*® who performed spin-polarized photoemission ex-
periments on Cu overlayers on Co(001), and showed that
J

er 1— r;rgez"kLD) (1 - rjr%ez"le)

the quantum interferences are actually spin dependent
and mostly of minority-spin character.

D. Interlayer exchange coupling

In the case where two ferromagnetic films are sepa-
rated by a paramagnetic spacer layer, the quantum in-
terferences in the spacer induce an interlayer exchange
interaction between the ferromagnetic layers.

In the ferromagnetic configuration, the energy due to
the interferences, at T' = 0, is

1 2 eF
AEF:ZFIm‘/d k‘|[-wd€

X [ln (1 - rlrgeZik*D)

+1n (1- r;r}gemw)} : (2.17)
In the antiferromagnetic configuration, one has
1 2 eF
AEAF—_— m Im/d k||[wd€
X |:ln (1 — rer;ez““D)
+In (1 — rerBeZik*D)] ) (2.18)

so that the exchange coupling energy per unit area at
T=0is

EF —EAF = 4—:;_3 Im/dzk”/ In

—oo (1 _ ,.L,.Ii;eziklo) (1 _ .,.i.,.gezikLD)

which, for small confinement, reduces to
1 ¢F )
EF - EAF ~ — F Im/dzku/ ATAA’I'B ezzk‘LDdE .
—oo

(2.20)

The above equation expresses transparently that the
variation of the coupling versus spacer thickness depends
only on the spacer material (via the wave vectors k),
whereas the strength and phase of the coupling are de-
termined by the spin asymmetry of the reflection coeffi-
cients at the paramagnet-ferromagnet interfaces, which,
in turn, depend on the degree of matching of the band
structure on both sides of the interface. The implications
of the above expression for the exchange coupling behav-
ior will be presented in detail in the following section.

The quantum interference picture allows us to establish
a quantitative connection between the quantum interfer-
ences in overlayers, as observed in photoemission experi-
ments, and the interlayer exchange interaction. Whereas
the latter results from the contribution of all allowed

de , (2.19)

[

electron states, i.e., involves a summation over in-plane
wave vector and energy, photoemission experiments offer
the unique opportunity of being wave vector, energy, and
spin selective; thus, it provides a powerful tool for investi-
gating the mechanism of interlayer exchange coupling.**

III. FREE-ELECTRON MODEL

In this section, I discuss the problem of interlayer ex-
change coupling for the simple free-electron model. For
this simple case, the calculations can be performed an-
alytically, providing a physically transparent illustration
of the various aspects of the problem.

The model is as follows: The zero of energy is taken
at the bottom of the majority band of the ferromagnetic
layers; the potential of the minority band is given by the
exchange splitting A, while the spacer, of thickness D,
has a potential equal to U. The ferromagnetic layers have
a thickness L, and their magnetizations are at an angle
6 with respect to each other. According to the position
of the Fermi level, this model describes the case of a
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metallic spacer (for ep > U) or of an insulating spacer
(for erp < U).

As will be demonstrated in Sec. V, the ezact expression
of the interlayer coupling energy per unit area for an
arbitrary angle 6 is

+oo+i0T

1
Esp(0) = e Im/d2k|[/ i de f(¢)
x In [1 — 2(FaTB + AraArp cosf) et D
+ (Fi — Ari) (FIZB — Ar%) EZqu‘D] , (3.1)

where 0% is an infinitesimal imaginary quantity, ¢, =
kT — k7, and f(e) is the Fermi-Dirac function. One can
check easily that, taking the energy difference between
the ferromagnetic (6 = 0) and antiferromagnetic (8 = )
configurations in Eq. (3.1), one recovers the expression of
the coupling [Eq. (2.19)] which has been obtained from a
heuristic argument in the preceding section. The deriva-
tion of Eq. (3.1) involves integrations over k; from —oo
to 400, which are closed in the upper and lower complex
half-planes, for the incident and reflected waves, respec-
tively, by using the theorem of residues. There are two
kinds of poles: Those lying on the real axis correspond
to propagative states, while those lying off the real axis
J

correspond to evanescent states; both kinds of states con-
tribute on an equal footing to the coupling in Eq. (3.1).
Also, one has €kt = Cipk = € with kT = —k7T and

ki’ > 0, in the case of propagative states, or Im(kI) > 0,
for evanescent states.

The expression of E 45(0) may be expanded in powers
of cos @ as

Esp(0) = Jo + Jicos@ + Jacos? 6 + -, (3.2)
where
1 ) +oo+i0t
J=——~Im/dk/ def(e
0= 43 I (e)
X In |:1 — 27_'A’I—‘Bequ‘D
+ (Fi - Ari) ('F% — A'r%) eziq*D] (3.3)

is the nonmagnetic coupling constant, J; is the Heisen-
berg coupling constant, and J the biquadratic coupling
constant; the general term of the expansion (3.2), for
n > 1, is given by

2Ar 4 ArgeerD

1 ) +oo+i0t 1 n
= —_—— d —_ n - .
I gt [ [ e 1O s (4 vy (7 = arg) i)

(3.4)

With the sign convention used here, a positive (negative) sign for J; corresponds to an antiferromagnetic (ferromag-

netic) interlayer exchange coupling.

Alternatively, one may take, as a measure of interlayer coupling, the energy difference per unit area between
ferromagnetic (f = 0) and antiferromagnetic (§ = 7) configurations:

Ep — Ear

— oo+

—oo+10+

1 ) +oo+i0t
mlm/dk”/ _+d5f(5)ln

2Ar 4 ArgeidrD

(1 - rLrgeiﬂD) (1 - rj’rgei‘“D)

(1 - rﬂr%ei‘up) (1 - rLrj’;ei‘ILD)

1 . +oo+i0t
5.3 Im/d kll/ de f(e)

Xarctanh [

The calculation of the reflection coefficients, for the
free-electron model, is found in standard textbooks of
quantum mechanics.*> Obviously, since the ferromag-
netic layers are taken to be identical,

R O 17y (3.6)

Let us consider first the case of semi-infinite magnetic
layers (L = +00); one finds

()
1) =t = Bk 3.7
T =T oK (3.7)
k, + k_l.
where
ﬁ2k2 ﬁzkz
S =e+i0t - 2m” -1, (3.8a)

1 —2747gerD + (72 — Ar?) (74 — Ary) e?iaLD

] . (3.5)

=
2
ﬁsz ﬁzkz
2 27.2
B2kt h2k
2—Trt=6+i0+_-§'n’—l,”—A, (38C)

respectively, and the sign of the imaginary part of k]_u') is
the same as for k; . Obviously, the reflection coefficients
for a state of wave vector k = (kj, kL) are independent
of k)|, and depend only on k, .

In Eq. (3.1), the lower bound of the energy integration
is —oo; on the other hand, states that are forbidden, i.e.,
such that ¢ < min(0,U), should not contribute to the
coupling. One can check that this is actually the case,
because for such states, both the reflection coefficients
and the exponential factor are real, so that they give



a vanishing contribution to the imaginary part, in the

right-hand side of Eq. (3.1).

A. Metallic versus insulating spacer

1. Coupling at T = 0

At T = 0, one has

+oo+i0t
/ de f(e) -+ —
—oo+i0+

Changing the variable ¢ for kI, and integrating over k|
first, one obtains, for J;,

erp+i0t
de --- (3.9)

—oo+10+

hz

J=—
! 4m2m

Im/cdkj kt (kzp - ka)
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(a) metallic spacer (b) insulating spacer

Im(k,) Im(k,)
! k
1
~—C’
1
0 kr Rek,) 0 Re(k,)

FIG. 3. Integration paths C and C’ in the complex k.
plane, in Egs. (3.10) and (3.11): (a) metallic spacer (er > U),
(b) insulating spacer (er < U).

2472 e2ikiD

(3.10)

— T — 2 2kt D’
1 — 272 e2k1D 4 (72, — Ar2))® etkiD

where the complex integration path C is shown in Fig. 3. The integrand in the above equation has no pole in the
upper right quadrant of the complex plane and decreases exponentially as Im(k,) — +oo; thus, one can replace, for

the case of a metallic spacer, the integration path C by C’, as shown in Fig. 3. This yields the result

Ji= |0 [ gl + i) 2k + i) 2ArgeP 3.11)
T artm 0 ! P g eabanen 4 (o - Arh) e wenen ||
valid for both cases, where the reflection coefficients are calculated for kj_' = kg + ik, with

kr = /2m(ep —U) forer > U, (3.12a)
krp =1i4y/2m(U —efp) forerp < U, (3.12b)

respectively. For the energy difference between ferromagnetic and antiferromagnetic configurations, one gets

ﬁz +oo
Ep — Bar = 5o ImA dic (kg + ix) (2kp + ir)
A A 2ikp D _—2xD

xarctanh [ 28ralrpe € (3.13)

Equations (3.11) and (3.13) allow very efficient numer-
ical calculations of the coupling, because the integrand
is not oscillatory, but exponentially decaying. It clearly
shows that the thickness dependence of the coupling is
driven by the factor e?*FD; thus the coupling oscillates
with spacer thickness in the case of a metallic spacer (kp
real), and decays exponentially with D for an insulat-
ing spacer (kr imaginary). In the limit of large spacer
thickness, and retaining only the leading contribution,
Eq. (3.11) reduces to

%3

J = —=
17 4nzmD?

Im (ArmzeZik"D) , (3.14)

where the reflection coefficients are calculated for kI =
kr. In the case of an insulating spacer, the sign of
the coupling at large spacer thicknesses is determined
by the argument of ArZ ; the coupling is antiferromag-

1 — 272 e—2xDe2ikrD | (72 — A,_go)Z e—4xD gdikp D

[

netic (ferromagnetic) if |kr|® < kLkL (Jkr|® > ELkE),
where k} (kJI',,) is the Fermi wave vector for majority-spin
(minority-spin) electrons in the ferromagnet. At lower
spacer thicknesses, the coupling may change sign, due to
contributions originating from states well below ep.

Figures 4 and 5 show the coupling constant J; calcu-
lated from Eq. (3.11), respectively, for a metallic spacer
and for an insulating spacer.

Equation (3.14) is equivalent to the results obtained
by Sloncewski3® and by Erickson et al.,?® respectively,
for the insulating spacer case and for the metal spacer
case, by using Sloncewski’s torque method.3®

2. Thermal variation of the coupling

At finite temperature, after integration over k,
Eq. (3.4) for J; becomes
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FIG. 4. Interlayer exchange coupling, at T = 0, for the
free-electron model, in the case of a metallic spacer, calculated
from Eq. (3.11). Parameters: L = 400, er =7.0eV, A =1.5

100.0
j insulating spacer
] T=0

50.0 — AF

1, (10° erg.cm?) j
] x 10°
0.0
-50.0 F
-100.0 L O L L L B

0.0 5.0 10.0 150 200 250 300
D (A)

FIG. 5. Interlayer exchange coupling, at T = 0, for the
free-electron model, in the case of an insulating spacer, cal-
culated from Eq. (3.11). Parameters: L = 400, er = 7.0 €V,

eV, U =0. A=15eV,U—-er =0.1¢€V.
kaT —Q—oc>—+—zO+ ZA 2 2ikiD —
Ji=—- 225 Im Moot In |1+ exp SFTEL) (3.15)
2n2h? oot 1 272 2D | (72 _ Ar2)? etikiD kgT
where
A2k’
€l = 21: +U. (3.16)

One can check easily that the above equation reduces to Eq. (3.11) for T = 0. For numerical calculations, it is more

efficient to write
J1(T)

where J1(0) is given by Eq. (3.11), and where

= J1(0) + AJL(T),

2Ar2 e2kID

(3.17)

AJl = — dEJ_

kaT +°°+i0+
272k ! /

—oo+i0+

o zikt ~
1— 272 e%kiD ¢ (72, —

(3.18)

—leL —er|
kgT ’

Argo)ze“i’“ID In [1 + exp (

For large spacer thicknesses, the most important contribution to the coupling arises from the neighborhood of er;
the rapidly varying exponential factor ei2klD , in the numerator of Eq. (3.15), may be expanded near e as

. . . D
exp (2ik D) = exp (2ikp D) exp [2z(sl —€p) ;Zk ] ; (3.19)
F
this yields
2mkgT 2Ar2 g2tkrD
J1 ~ — 272 m - 3 -
2m2k 1 — 272 e2tkrD 4 (72 — Ar2 ) ettkr D
+oo+i0t
X mD EFp — €
X d; 2 — ——|In |1 —_ . 3.20
o e [t ez i e (72 o

The integral converges only if

1
Im(2mD/R2kg) ’

this is satisfied at any temperature in the case of a metal-
lic spacer (kg real), but only at sufficiently low temper-

ksT = (3.21)

|
ature in the case of an insulating spacer (kr imaginary).
The integral may then be evaluated by performing the
change of variable

T = exp (%) (3.22)
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and by using the tabulated integral6

T

+oo
2 'In(l+z)de = ———
[ermasnd = e

for —1 < Re(p) <0; (3.23)
the result is
21k T Dm/ Rk
Ji(T) = J. .
1@ =10 kgt Dmkgy 329

where J;1(0) is given by Eq. (3.14). In spite of the uni-
fied treatment given here, the temperature dependence
of the coupling is strikingly different for a metallic and
for an insulating spacer: In the former case, the coupling
decreases with temperature, whereas in the latter, it in-
creases. Formally, this is related to the fact that kg is
imaginary for an insulating spacer, and that

r T

= —— 3.25
sinh iz sinz ( )

is an increasing function, as shown in Fig. 6.

" Physically, the different behavior may be understood
from the simple following argument: In the case of a
metallic spacer, the coupling, at T = 0, oscillates with
a wave vector 2kp; as the temperature is raised, kr is
broadened with a width Akpr ~ kgTm/h%kp, which pro-
duces a blurring of the coupling oscillations for D >
Ak;l. In the case of an insulating coupling, on the other
hand, the contribution to the coupling arising from elec-
trons of energy ¢ increases exponentially with €; as the
temperature increases from zero, the contribution due
electrons in an energy range kgT below ef is lowered at
the expense of a larger contribution from electrons within
a range kpT above ep; thus, the coupling increases.

This behavior is in qualitative agreement with the re-
cent experimental observations of Toscano et al.®> who
found a thermally increasing interlayer exchange coupling
across nonmetallic spacers (amorphous Si and SiO).

Of course, in the case of an insulating spacer, the
coupling does not diverge at T = h2kp/2kgmD as
Eqgs. (3.24) and (3.25) suggest; the point is that, for tem-
peratures of this order and higher, the approximation
(3.19) is no longer applicable.

The formulas given in this section provide a unified
description of the coupling, for both cases of a metallic
and insulating spacer layer, provided kp is considered as
a complex quantity. This suggests a generalization of the
concept of a Fermi surface to complex wave vectors, as
will be discussed in the following sections.

B. Variation of the coupling
with respect to magnetic layer thickness

I now turn to the case of ferromagnetic layers of finite
thickness L. The expressions (3.11) and (3.13) for the
coupling at 7' = 0 remains valid, but the reflection co-

]

1 K%k% 2
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Jy =

-2
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FIG. 6. Plot of the functions y = z/sinh z (solid line) and
y = z/sinz (dashed line).

efficients for a semi-infinite magnetic layer Ar,, and 7o
are to be replaced by the corresponding ones for a mag-
netic layer of thickness L, Ar, and 7, respectively. For
simplicity, I shall restrict myself to the case of a metallic
spacer; more precisely, I take U = 0; thus, the magnetic
layer is transparent for electrons of spin parallel to the
majority spins, i.e., 7T = 0 and 7 = —Ar = r¥/2.

In the case of a layer of finite thickness, as depicted
in Fig. 7, all the waves associated with the multiple re-
flections inside the magnetic layer contribute to the net
reflection coefficient. The summation is easily carried
out, and one gets

- 1 — exp[2ik* L]

ro=ri 5 )
1-r% exp[2ikf_L]

(3.26)

where ki is the minority-spin wave vector in the mag-
netic layer. Clearly, the variation of 7+ with respect to
L is oscillatory or exponential, according to the nature—
propagative or evanescent—of the state of wave vector
ki As appears clearly from Eq. (3.11), the interlayer
coupling is governed essentially by the states lying at the
Fermi level. Thus, if k% is real, one can expect oscil-
lations of the interlayer coupling versus magnetic layer
thickness to show up. The oscillations are due to the
quantum interferences inside the magnetic layers: When
the interferences are constructive (destructive), the cou-
pling strength is enhanced (reduced). Below, I consider
only the former case, i.e., k%, real.

In the limit where both L and D are large, the expres-
sion of the coupling reduces to

(3.27)
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FIG. 7. Sketch of the waves contributing to the net reflec-
tion coefficient on a ferromagnetic layer of finite thickness L.

Clearly, the interlayer exchange coupling oscillates ver-
sus L, with a period equal to ﬂ/kf—‘. The amplitude of
these oscillations decays essentially as L—2. To illustrate
this behavior, I have performed numerical calculations for
the free-electron model; these calculations use the exact
expression (3.11), not the asymptotic one (3.27). The
results are displayed in Fig. 8; the oscillatory behavior
versus magnetic layer thickness L, of period m/ k%‘, and
the L2 decay appear clearly. A striking feature is that,
in contrast to the oscillations of J; versus D, the oscil-
lations are not necessarily around zero: Instead, J; may
oscillate around a positive or a negative value, depend-
ing on the choice of the spacer thickness D. This point
is also obvious from Eq. (3.27).
On the other hand, for large D and small L, one has

1 h2k2,
T 472D2? 2m

. Im [—2k;2L2rg°2 eZi"FD] . (3.28)

The fact that the coupling varies like L? at low magnetic
layer thickness is obvious from the analogy with optics:
The reflection coefficient for a thin layer is proportional
to its thickness.

Until recently, it was generally believed that the cou-
pling is essentially independent of the magnetic layer
thickness. This point has been studied experimentally in
the case of Co/Cu/Co(001) by Qiu et al.,3® who found no
dependence of the coupling versus Co thickness; however,
only three different Co thicknesses have been used in this
study. From the theoretical point of view, oscillations of
the coupling versus magnetic layer thickness have been
reported by Barnas!® from numerical calculations for the

4m2m n

ﬁz e2nika “+oo
Jn Im / de k(kp + ik)(2kF + ik) 1
0

\
L(A) 100 j

5.0 «.// ’
Q%%Q%% S
iy e R \
1o IREEASRRNRR
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FIG. 8. Contour plot of the interlayer exchange coupling J;
vs spacer thickness D and magnetic layer thickness L, calcu-
lated within the free-electron model [Egs. (3.11) and (3.26)].
Parameters: ep = 7.0 eV, A = 1.5 eV, U = 0. The spacing
between successive contour lines is 40 x 102 ergcm™2; the
shaded area corresponds to antiferromagnetic coupling.

free-electron model. The explanation of this behavior on
the basis of the quantum interferences picture has been
given in Ref. 36; in this paper, I also estimated the os-
cillation period versus Co thickness in Co/Cu/Co(001)
to be about 3.5 atomic layers (AL). On the other hand,
Stiles,3 who uses a formalism very close to the present
one, has argued that such oscillations should not show
up.

The predictions of Ref. 36 have been confirmed re-
cently by Bloemen et al.,3” who succeeded in observ-
ing oscillations of the coupling versus Co thickness in
Co/Cu/Co(001); the observed period is about 3.5 AL,
in very good agreement with the predicted one. Further
confirmation has been given by Okuno and Inomata,8
who observed oscillations of interlayer coupling versus
Fe thickness in Fe/Cr(001) multilayers. Theoretical con-
firmation was also given from ab initio calculations by
Krompiewski et al.'!

C. Biquadratic and higher-order coupling terms

So far, I have considered only the Heisenberg term
J1cos@ in the expansion (3.2) for E4p(f). The general
expression for J, (n > 1) is given by Eq. (3.4); using the
same method as for J;, one obtains

2 ,—2xkD
2Ar e

n
_ . . . I
— 272 e~2xDe2ikrD | (72 — A,.go)2e—4noe4zkpp] }

(3.29)
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at T = 0 (for simplicity, I have taken semi-infinite mag-
netic layers). At large spacer thickness, and retaining
only the leading contribution, this expression reduces to

ﬁZsz 2nA,’.ggeZnikFD
o= g s Im ( o~ ) . (330)

As appears from Egs. (3.29) and (3.30), the nth coupling
constant varies like e27*#D_ This is interpreted easily if
we note that the terms of order n originate from inter-
ferences between an incident wave and a reflected wave
which have undergone n round trips in the spacer; thus,
these terms involve 2n reflections on the ferromagnetic
layers, and, accordingly, J,, is proportional to ArZ?.

Another striking point is that all the coupling con-
stants J,, have the same D2 decay. This is in contrast
with the coupling between point impurities: In the latter
case, J; decays like D—3 and J; like D~5.47 This is related
to the different geometry of the magnetic defects. In the
case of magnetic impurities, the coupling is mediated by
spherical waves; as the amplitude of the latter decays like
the reciprocal of the distance, each round trip contributes
a factor D~2; thus one has J,, ~ J;D~2("~1)  p—2n—1
In the case of magnetic layers, on the other hand, the cou-
pling is mediated by plane waves, which propagate with
a constant amplitude; thus, one has J, ~ J; ~ D72,

In the same way as for J;, one shows that the temper-
ature dependence of J,, is given by

ZanBTDm/ﬁsz .
sinh(2nmkpTDm/k2kF)’

Jn(T) = J»(0) (3.31)

thus, J, has a thermal variation which is n times faster
than J;. Again this is related to the fact that J, is due
to interferences involving n round trips in the spacer.

The interest in higher-order coupling constants has
been stimulated by the experimental discovery, by
Riihrig et al.,*® of 90° coupling around the crossing
from ferromagnetic to antiferromagnetic coupling in
Fe/Cr/Fe(001). This behavior has been confirmed by
other authors in various systems. If J; > 0, the term
J cos? 6 favors a 90° alignment of the two magnetic lay-
ers. Thus, Erickson et al.2® have suggested that one can
neglect all terms of order larger than 2, and that, for
spacer thicknesses such that J; = 0 and J; > 0, a 90°
alignment of the magnetic layers should show up. Fig-
ure 9 shows the respective variations of J; and J; versus
spacer thickness for the free-electron model. However,
the magnitude of biquadratic coupling J; which arises
from the intrinsic mechanism is in general too small to
explain the ones that are observed experimentally; thus,
presumably, other mechanisms, such as the one proposed
by Slonczewski*® (based on micromagnetic fluctuations
of the magnetization direction due to roughness), are re-
sponsible for the large J, observed experimentally.

To conclude this section devoted to the free-electron
model, let us emphasize that, in spite of its great sim-
plicity, this model exhibits a very rich variety of physical
behaviors, allowing a qualitative explanation of many ex-
perimental observations. Of course, the price to pay for
the simplicity is the lack of a quantitative description of
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FIG. 9. Spacer thickness dependence of J; (solid line) and
J2 (dashed line) for the free-electron model. Parameters:
L=+400,erp=70eV,A=15eV,U =0.

the coupling in realistic systems. Among the features
which are missing in the free-electron model of interlayer
coupling, we can mention (i) the discrete nature of the
lattice, giving rise to “aliasing” and multiple periods,'”
(ii) nonspherical Fermi surfaces, and (iii) multiple bands.
These aspects will be considered in the following sections.

IV. PRELIMINARY CONSIDERATIONS
A. Propagative and evanescent states

In a bulk crystal, the allowed states are Bloch waves,
Prn(r) = Upen (r) 5T, (4.1)

where uk,(r) is invariant under translation by a lattice
vector R; the Bloch theorem holds for any complex wave
vector,3® but in bulk crystals, wave vectors k with non-
vanishing imaginary components are excluded, for the
exponential factor then diverges. However, in the case
of a slab of finite thickness, wave vectors with a complex
normal component k; are no longer forbidden; only the
in-plane component k; has to be real. The contribution
of these evanescent states to the density of states of the
slab is inversely proportionnal to its thickness.

Let Ho be the Hamiltonian of the (bulk) spacer mate-
rial. The corresponding Green’s function is the operator

Go(e) = (e — Ho) ™, (4.2)

where e is a complex energy. We use a fixed basis set
|RL), where R is a site index, and L = (I,m) an orbital
index. From these, we construct the Bloch states
1 kR
kL) = —F—=—= e“*|RL), (4.3)
VR
where /| — 400 is the number of atomic planes and
N|| = +o0o the number of atoms per plane. The Hamil-
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tonian and, hence, the Green’s function are diagonal with
respect to k. Let Ho(k) and Go(k, z) be the correspond-
ing submatrices for a given wave vector k; they both are
invariant under translation by a vector G of the recipro-
cal lattice. The eigenstates are

lkn) = Z anr (k) kL), (4.4)
L

where n is a band index.

If one selects an energy € and an in-plane wave vector
k|, the eigenstates are given by the poles of Go k), k., e+
i07), taken as a function of k , where i0% is an infinites-
imal imaginary number. As shown in Fig. 10, we may
find two different kinds of poles: (a) poles having an
infinitesimal imaginary part, which correspond to prop-
agative states, and (b) poles having a finite imaginary
part, which correspond to evanescent states. Among the
propagative states, the ones having a positive (negative)
infinitesimal imaginary part have a positive (negative)
group velocity; this is easily checked by expanding Eky ks
around the value k9 at which it is equal to ¢, i.e.,

0+ o , 0%
kl(k”,s+20 ) =k +—;

For (4.5)

thus one sees that the sign of the imaginary part is the
same as the one of the group velocity v, . In the following,
I shall label by an upper + index (a — index) the wave
vectors with a positive (negative) imaginary part, and
the corresponding states will be said to have a positive
(negative) velocity, independently of their propagative or
evanescent character.

One can check easily that, for each state of wave vec-
tor kj_', one has a counterpart k| of the same character
(propagative or evanescent) with a velocity in the oppo-
site direction, and vice versa.

As usual, it is sufficient to restrict the real part of the
wave vector within a unit cell of the reciprocal lattice;
however, as discussed in Ref. 17, the standard choice of
the first Brillouin zone is not adapted to the symmetry
of the problem. A better choice is to consider a prismatic

Imk )

(b) evanescent states—| (a) propagative states

. Re(kl)

,//?
e
-n/d \ 0 n/d

FIG. 10. Sketch indicating the possible location of the poles
of Go(k||,kL,€ + i07), in the complex k. plane; wave vec-
tors having, respectively, an infinitesimal (a) and a finite (b)
imaginary part, correspond, respectively, to propagative and
to evanescent states.

unit cell, with a k| belonging to the two-dimensional first
Brillouin zone of the layers, and Re(k)) running from
—7/d to w/d, where d is the spacing between atomic
planes.!™®! Examples of these prismatic unit cells are
shown in Refs. 17 and 33. Unless explicitly specified, in
the following, the term Brillouin zone (BZ) will refer to
the prismatic cell.

B. Concept of a complex Fermi surface

Since evanescent and propagative states contribute a
priori on an equal footing to the interlayer exchange cou-
pling, it seems natural to extend the concept of a Fermi
surface to take evanescent states into account. This is
achieved by letting the normal component k£ of the wave
vector take complex values.5?2 Thus, we define the com-
plex Fermi surface as the variety exn = €r, in (kj, kL)
space, with k| real and k, complex. It is important
to note that the complex Fermi surface depends on the
choice of the crystalline orientation of the layers.

In order to visualize this object, we have to use some
conventions. I shall present some cross sections of the
complex Fermi surface, with section planes perpendicu-
lar to the layers. In these cross sections, k| will usually
be taken to run along a high-symmetry line of the two-
dimensional Brillouin zone, while Re(k, ) runs from —n/d
to m/d. Furthermore, to represent the complex quantity
k), I use the following convention: If k, is real, the
cross section is represented by a solid line; if £, is com-
plex, Re(k,) is represented by a short-dashed line and
Re(ky) £ Im(k, ) by a long-dashed line. The latter con-
vention has the advantage that all lines merge together
where a real sheet becomes complex, which makes eas-
ier the identification of the various sheets in complicated
complex Fermi surfaces. Also, one has to keep in mind
that the whole figure is periodic as a function of Re(k ),
with a period 27 /d.

In order to illustrate the concept of a complex Fermi
surface, I consider the simple-cubic tight-binding model;
the dispersion is given by

ex = € — t[cos(kza) + cos(kya) + cos(k a)]. (4.6)
The cross sections of the complex Fermi surface, with
k| runing along the high-symmetry lines of the two-
dimensional Brillouin zone (M-I-X-M), are shown in
Fig. 11, for ep = €9. Complex Fermi surfaces of no-
ble metals, calculated using the LMTO method, will be
shown in Sec. VII.

The concept of a complex Fermi surface is one of the
cornerstones of the present theory of interlayer coupling.
As I showed in Ref. 40, its systematic use allows a unified
description of the coupling for the cases of a metallic
spacer and of an insulating spacer.

C. Reflection and transmission coefficients

We now consider the system depicted in Fig. 12. Ac-
tually, the perturbation layer F4 may consist of an arbi-
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FIG. 11. Complex Fermi surface, for the simple cubic
(001), tight-binding model, with er = €o.

trary stacking of different materials. The only restriction
is that the in-plane translational invariance has to be
conserved; this condition, however, is often very well sat-
isfied in systems grown epitaxially; as a consequence, k)
remains a good quantum number.

The Hamiltonian of the system may be written

H=Ho + Va, (4.7)

where V 4 represents the perturbation due to the impurity
layers F4. All deviations with respect to the Hamiltonian
Ho of the pure system are included in the perturbation
V 4; this includes in particular potential changes in a few
atomic layers near the interfaces, as well as lattice relax-
ations. The important point is that V4 drops rapidly to
zero outside Fy.
The Green’s function of the system,

G(e) = (e—H)™!, (4.8)

may be expressed as
J

(RiL|kEnY = (RiL[kTn)+ > (R.L
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FIG. 12. Sketch of the system under consideration for the
definition of the reflection and transmission coefficients; RIO
and R7, are the origins for the outgoing waves of positive and
negative velocity, respectively.

G(e) = Go(e) + Go(e) T 4(e)Go(e), (4.9)

in terms of the Green’s function of the unperturbed sys-
tem Go(e) and the t matrix of the perturbation,

TA(C) =V4+ VAGO(e)VA + VAG()(E)VAGQ(C)VA + .-
=V4[1—Go(e)Va]™". (4.10)

Let us consider a wave |kIn> ('kj_'n}), incoming on Fy
from z = 400 (2 = —00); the effect of the perturbation
V4 is to scatter it into reflected and transmitted waves.
Here and in the following, the k; and spin indices have
been dropped. One shows easily that the perturbed state
[kjfn)’ is given by

|kFn) = [1 + Golegz, +107) Taleyz, + i0+)] |kFn).

(4.11)

The infinitesimal imaginary energy i0" ensures that the
reflected and transmitted waves are outgoing waves. Pro-
jecting this equation on the state (R, L|, and inserting
closure relations, one gets

Taexza +i0%)|Tn) 3

n'

anip (KL )an L(kL)-

w/d
(Nid / dk’

2w —n/d

In the above equation,

1 -
ekf’n + 10+ — Ek!, n!

(4.12)

! is restricted to F4 (and a few neighboring atomic planes), because V4 (and hence T4) has

vanishing matrix elements elsewhere. The integral is performed as explained in Appendix A, by closing the integration
path in the upper or lower half of the complex plane, according to the sign of R, — R/ ; this picks up poles with
Im(k') > 0 (< 0) for R, > R, (RL < R'|). One obtains

1 .
(RiL|kTn) = —=e*IRe a1 (kT)
b IR | S pp e, BRI g, (kYY) (4.13a)
1 + LT
LT »'
for R, > RT, (RL < R7,) and
1, e
(RLL|KTn) = —o=e*TRe | 37 typ, g T (0710 anp (kT) (4.13b)
4
\.kflnl
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for Ry < R7, (RL > R},). The reflected (transmitted) waves |[kT'n') (|kT'n’)) have the same energy as the incident
one, and a velocity of opposite sign (same sign). The expressions of the reflection and transmission coefficients are,

respectively,
L+ 3
T.F +r, = e"(kJ.’_kI)Rfo :F_l'A_/J'_d
kTin,kT'n fivj_
and
i(kT'RT,—kTRE
tkfn,kf'n’ = el( T'RLo=kIRTo) 6kfkf'5'ml +

where the v/, is the (complex) group velocity of the re-
flected state |kE'n’ ).

In the above equations, RIO and R7, are the origins
for the outgoing waves of positive and negative velocity,
respectively. The reflection and transmission coefficients
are defined within a factor depending on the choice of
Rio and R],. In this paper, I take the convention of
choosing R}, and R, as shown in Fig. 12.

One can then define the reflection matrices R~ and
R+~ and the transmission matrices T~~ and T, whose
matrix elements are given by Eqgs. (4.14a) and (4.14b),
respectively. We also introduce the diagonal matrices K+
and K™, whose diagonal elements are the wave vectors kT
and kT, respectively, corresponding to the eigenstates of
the spacer, for a given energy ¢ and a given in-plane wave
vector k.

V. GENERAL THEORY
OF INTERLAYER EXCHANGE COUPLING

We now consider a system with two magnetic layers
F4 and Fp, with their magnetizations making an angle
0 with respect to each other, separated by a paramag-
netic spacer of N atomic layers. The magnetic layers
may be made of different materials, and may have differ-
ent thicknesses. The need, for the perturbation poten-
tials, to drop rapidly to zero in the spacer excludes the
case of a spacer with a long-range magnetic order such
as an antiferromagnet.

A. Derivation of the general expression

The interlayer exchange coupling is obtained from the
variation, with respect to 6, of the total energy of the
system. If we make use of the “force theorem,” 53 the en-
ergy change associated with the variation of the angle 6
is expressed as the change in the sum of single-particle
energies, calculated for a (non-self-consistent) frozen po-
tential. To ensure conservation of the particle number,
it is convenient to work in the grand-canonical ensemble,
and to consider the thermodynamic grand potential

& = —kpT /_:o n(e) In [1 +exp (EZB‘TE)] de, (5.1)

where

<kf'n'

+iN,d
ﬁ !

Talexzn +i0%)| KIn) (4.14a)
(KT [Talerza +i0h)| kI‘n>] , (4.14b)
-
n(e) = — % Im Tr G(e + i07) (5.2)
is the density of states. Here,
G(e)=(e—Ho— Va4 —Vp)! (5.3)

is the Green’s function of the whole system. Using alge-
braic manipulations or diagrammatic techniques, it may
be expressed as

G = Go+GoT4Go + GoT5EGo
+GoTaGoTBGo + GoTaGoTBGeT4Go + -+
+GoTBGoTaGo + GoTBGeT 4G TGo + - - -
= Go+GoT 4Go + GoTBGo
+GoTA (1 —GoTBGoTA) ' GoTr (1+GoTa)Go
+GoTB (1 —GoTAGoTE) " GoTa (14 GoTg) Go.
(5.4)

The physical interpretation of the above equation is im-
mediate, if we remember that Go represents the propa-
gation in the spacer material, while T4 and Tp describe
the reflections on F4 and Fg, respectively. The terms
of the series express the effect, on the density of states,
of multiple reflections of increasing order; thus, there is
complete parallel between the present formalism and the
heuristic picture given in Sec. II.
Equation (5.4) may be rewritten as

G(e) = Go(e) + AG4(e) + AGgp(e) + AGap(e), (5.5)

where

AG4(e) = Go(e)Ta(e)Gole) (5.6)
expresses the effect of F, alone, and similarly for
AGpg(e). The last term, AG4p(e), contains all the terms
of Eq. (5.4) involving both T 4(e) and T pg(e); this inter-
ference term is responsible for the interaction between
F4 and Fp. Thus, the interlayer coupling energy may be
expressed as

+oo
AnAB (6)

-0

x In [1 + exp (62‘ }E)} de,
B

A@AB = —kBT

(5.7)
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with d
Tr AGyp(e) = % Tr In{1 — Go(e)Ta(e)Go(e)Ta(e)].
Anap(e) = — & Im Tr AGap(e +i0%).  (5.8) (5.9)
4 Integrating by parts and performing the summation over

k), one obtains, for the interlayer coupling energy per
One can then show that unit area,

+oo
Eap(0) = % Im/dzk“ i de f(€) Tr In [1 — Go(e +i0)Ta(e + 0)Go (e + i0%) Tp(e + i0™)], (5.10)

oo

where f(g) is the Fermi-Dirac distribution, and where the integration on k; is performed over the two-dimensional
Brillouin zone. It then remains to integrate over k; from —m/d to 7 /d; this is done, as explained in Appendix A, by
closing the integration path in the upper half of the complex plane. The final result is

1 2 Foorio® —+ et +—pp-1 -
EaB(9) = s Im/d k”/ de f(¢) Tr In[1 — R " exp(iK* D) U(8) RE"UT(0) exp(—iK™D)],  (5.11)

—oco+i0+

where the reflection matrices R;“L and RE™ are of the form

- R7T o0
RA+=( A R;“)’ (5.12)

with a similar expression for R};™, and where the matrices U(8) and U™!(8) rotate the spin quantization axis (i.e.,
the magnetization direction) of Fp with respect to F4:

cos g sin %
u(e) = . (5.13)
9 )

— sln 2 cos 2

Then, the energy difference between ferromagnetic and antiferromagnetic contributions reads

Ep — Earp = 4%200' Im/dzk”/

o0 —oo+1i0+

+oo+i0™*
de f(¢) Tr In [1 - R3* exp (iK*D) R5*" exp KD)] . (519)

The general expression (5.11) may be simplified if there is a single pair of wave vectors kI and k7 ; in this simple
case, the argument of the logarithm is a 2 X 2 matrix, which can be diagonalized easily. One finally obtains
+oo+i0+

1 . -
Eap(0) = ys Im/de” / - de f(e)In [1 —2(Fit7h™ + ArgtArg cos 0) ei(ki—k1)D

—oo+1
+ (Fat? = Aarg??) (7572 - ArgT?) ez"(ki-kl)ﬂ}; (5.15)

the above result, in particular, holds for the free-electron model, which justifies Eq. (3.1).
From Eq. (5.9) and proceeding as for the coupling energy, one obtains the change ANp(e, k) in the integrated
density of states at k) due to the interferences:

ANap (e, ky) = — % Im Tr In [1— R;* exp(iK*D) U(6) R5~U~(9) exp(—iK~D)] , (5.16)
which, for a single pair (kI, k7 ) of wave vectors, reduces to
ANsp(e, k) = - % Im In [1 —2(F 75 + Ar T Arg cosb) e'(k1-k1)D

+(FA*? = Arg*?) (7577 — ArgT?) eHI-kDP] (5.17)
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B. Asymptotic results

Although a direct computation of the coupling from
the general expression (5.11) is, in principle, feasible, the
integrations over £ and k| make this a difficult task. In
the limit of large spacer thicknesses, on the other hand,
these integrations can be performed analytically, which
reduces considerably the amount of numerical calcula-
tions.

Expanding the logarithm in Eq. (5.11), and retaining
only the leading term, one obtains for the Heisenberg
coupling constant

1 +oo+i0+
‘]1 = — 4? Im/d2k||/ dE f(E)

—oo+i0+
x Tr [2AR;™ exp(iK* D) ARE™ exp(—iK™D)],
(5.18)
with
-+t _ p—+i
AR = 54——7&‘—, (5.19)

and similarly for ARY ™. In terms of the various modes
with positive and negative velocity kI and k7, this gives

1 ) +oo+i0*
J1=—4—ﬂ_3~1m/dk“/ de f(e)

—oo+10t
X E ZATAA’I‘B ei(kt_kI)D.

kT, kT

(5.20)

Here and below, the + and — upper indices are omitted
for the reflection coefficients.

Let us first perform the integration over the energy.
If D is large, the exponential factor varies very rapidly
with €, so that the integral is dominated from the neigh-
borhood of e, where f(¢) drops from 1 to 0. Thus the
integral on € may be calculated by fixing all other factors
to their value at er, and by developing ¢, = kT — kT
around ep, i.e.,

E—EFR
=] +2——, 5.21
91 =4q1F hvi’} ( )
with
2 1 1

+ p—
Vi YiFr UiF

The integration is performed as explained in Appendix
B, and one obtains

1 ihvt o .
J1 _ Im/dzk” ! %F A?‘AATBGWLFD

473
xF(2r kT D/FvT3), (5.23)
where
F(z)= ——; (5.24
T)= bz’ 24)

this result holds for

1

kpT < ——————— .
Y™ Im 2D/ ;)

(5.25)

In the above equations, ¢, r is a vector spanning the
complex Fermi surface; the velocity ’UIE is a combination
of the complex group velocities at the extremities kIF
and k7 5.

Next, the integration on k| is performed by noting
that, for large spacer thickness D, the only significant
contributions arise from the neighboring of critical vec-
tors kﬁ‘ where ¢ g is stationary. Around such vectors,
q1 r may be expanded as

«\2
(ks “k:)z _ (ky—ky)

a a
Ke K’y

q1F =q%F — ; (5.26)
where the cross terms have been canceled by a proper
choice of axes;** kg and kg are combinations of the cur-
vature radii of the complex Fermi surface at (kﬁ‘,kr’)
and (kj/, k] *). Note that the stationary vectors ¢§ may
be complex as well as real; accordingly, the curvature
radii k7 and k7 may be complex.

The integral is calculated by using the stationary phase
approximation,3® and one obtains

hv ko
— 42 D2
xF(2nkgTD /),

-
Ji=Im ArgArge'diP

(5.27)

where ¢¥, v¥, Arg, Arg correspond to the critical vector

ki, and

Ko = (2)2 (s5)?; (5.28)
in the above equation, one takes the square root with an
argument between 0 and .

The result expressed by Eq. (5.27) is the main result
of this section. The expression of the interlayer coupling,
in the limit of large thicknesses, is extremely simple; it
depends essentially on (i) the complex Fermi surface of
the spacer material and (ii) the spin asymmetry of the
reflection coeflicients at the paramagnetic-ferromagnetic
interfaces. The complex Fermi surface determines the
thickness dependence of the coupling (period of the os-
cillations or range of the exponential decay); it also con-
trols the temperature dependence of the coupling (via
v$) and, to some extent, its strength and phase (via v§
and ko). On the other hand, the reflection coefficients
Arg and Arg influence the magnitude and phase of the
coupling.

A remarkable feature is that, for a given component
a, the influences of F4 and Fp are factorized; thus,
the strength of the coupling for Fe/Cu/Co, for example,
should be the geometric average of the coupling strengths
for Co/Cu/Co and Fe/Cu/Fe (for a given component a);
similarly, the phase for Fe/Cu/Co should be the average
of the phases for Co/Cu/Co and Fe/Cu/Fe.

The above result has been given in Ref. 34. Sub-
sequently, Stiles3® presented an alternative derivation,
without making use of the Green’s functions. However,
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in both Refs. 34 and 33, only the conventional Fermi
surface, i.e., only the oscillatory contributions, were con-
sidered. As emphasized in Ref. 40, the use of the com-
plex Fermi surface allows a unified treament of the cases
of metallic and insulating spacers. A novel feature, for
the metal case, is that we may have both oscillatory and
exponentially decaying components; the latter produce a
(ferromagnetic or antiferromagnetic) bias of coupling os-
cillations, for low spacer thicknesses, which increases with
temperature. Furthermore, as I shall show in Sec. VI, one
can find metallic spacers which exhibit only exponentially
decaying components, i.e., which behave like insulating
spacers, with respect to interlayer coupling.

C. Symmetry considerations
and classification of the critical points

In order to calculate the interlayer exchange coupling
for large spacer thicknesses, one has to identify the crit-
ical points f‘ in the k| plane, for which we have sta-
tionary values ¢ of the vector ¢, 7 spanning the Fermi
surface. Even for fairly simple complex Fermi surfaces,
such as the ones of noble metals, this is often a difficult

problem. However, it may be considerably simplified by
making use of symmetry considerations, as discussed be-

low.

The problem we are dealing with consists in finding
the vectors ki belonging to the two-dimensional Brillouin
zone, and such that

dq, F (k) =0

i, (5.29)

This requires that the two partial derivatives with respect
to the in-plane components of the wave vector vanish
simultaneously. This is very unlikely to happen for a
general point of the two-dimensional Brillouin zone.

On the other hand, at high-symmetry points of the
Brillouin zone, the symmetry requires that both partial
derivatives vanish, so that such points are necessarily
critical points. Such critical points may be termed es-
sential and their class will be denoted as C°. For points
lying on the high-symmetry line, the symmetry requires
one of the partial derivative to vanish. Critical points
that are found on high-symmetry lines will be termed
semiessential, and their class denoted as C’. Finally,
critical points possessing no particular symmetry will be
termed accidental, and their class denoted as C”. In ad-
dition, an index r or ¢ will indicate whether the vector
g% is real or not, i.e., whether the coupling is oscillatory
or evanescent. For example, C? indicates an essential
critical point, giving an oscillatory contribution to the
coupling.

Examples of the use of the above classification will be
given in the following sections.

VI. CONNECTION TO VARIOUS MODELS

The general theory presented above may be applied to
various models. Its application to the free-electron model

has been presented in detail in Sec. III. In the present
section, I consider further models which have been inves-
tigated in the literature: the RKKY model, the single-
band tight-binding model, and the Anderson model.

A. RKKY theory

The RKKY model was originally proposed by Rud-
erman and Kittel®® to explain the indirect coupling be-
tween nuclear spins via conduction electrons, and then
extended to the case of electronic magnetic moments by
Kasuya®” and Yosida.5® In this model, the interaction
between a conduction electron of spin s and position r
and a localized spin S located at site R is described by
a contact exchange potential

V(r,s) = Aé(r—R)s-S. (6.1)
By using second-order perturbation theory, one obtains
the effective interaction between localized spins,

V,‘j = J(R.”) S, - Sj. (6.2)

For the free-electron approximation, the exchange inte-
gral J(R) is given by%®

4A’mk%
J(R) = —(—5;)3—&2— K(2krR), (6.3)
with
rcosx —sinx
K@) =—3—
~ 2T for 2 +oo. (6.4)

3

The generalization to the case of arbitrary band structure
has been given by Roth et al.5®

To apply this model to the problem of interlayer cou-
pling, Yafet!® has considered two-dimensional layers with
a uniform distribution of spins, of areal density Ng; the
spins within a layer are assumed to be aligned and the
interlayer interaction is investigated. By using second-
order perturbation, Yafet found, for the free-electron

approximation,®
mA2S2 N2k
with
o +oo -
Y(z) _ Tcosz —sinx l smydy
222 2 J. y
= __sn;:v for x — +oo. (6.6)

Further studies on this model have been done by Chap-
pert and Renard!® and by Coehoorn,'® who discussed
the effect of discrete lattice spacing, while Bruno and
Chappert!” treated the general case of an arbitrary Fermi
surface.

Here, I consider Yafet’s RKKY model from the point
of view of the general theory presented in Sec. V. This
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approach allows an ezact, nonperturbative, treatment of
the RKKY model.
The expression of the interlayer coupling given by

Egs. (3.1)—(3.4) for the free-electron model remains valid

here, with, taking for TL = 7'}3 and rj = rg, the values

corresponding to a sheet of spins, respectively, rg and
ré . The calculation of the coefficient of reflection for a

é-function potential barrier is elementary, and one finds

t_ B 6.7
To kI +'iﬁ’ (6.7a)
y__~i8 6.7b
To kI _ i,@, ( )
where
mASN,

Inserting the corresponding values for Arg and 7 in
Eq. (3.29) in place of Ary, and 7o, one obtains the exact
expression of the coupling constants J,,, at T = 0, for the
RKKY model. The integral over imaginary wave vectors
in Eq. (3.29) converges very rapidly. In the limit 8 < kg,
this expression for J; reduces exactly to Eq. (6.5), the re-
sult obtained by Yafet!® from second-order perturbation
theory. In the limit of large spacer thickness, and re-
taining only the leading contribution, one obtains easily
the nonperturbative expression of the coupling constant
of order n, at T =0,

L _RR (1) (ke
"7 8r2mD?  n3 5% + k%

2n
) sin(2nkpD),

(6.9)

which is valid even when S is not small as compared to
kp, i.e., when perturbation theory may not be used.

B. Single-band tight-binding model

The single-band tight-binding model has been intro-
duced, for investigating interlayer exchange coupling, by
Edwards et al.?® The lattice is a simple-cubic lattice, and
the Hamiltonian is written as

H=Hog+V4s+Vp, (6.10)
where
Ho = Z [Eoc;?-”RJ,acR"R_La

R|R.io

+t“ 2 c;‘NRlac(Ru +d” )RJ_U
d

Tty Z c;""R_LO'cRH(R_L +dy )o’] (6.11)
dy

is the Hamiltonian of the pure spacer material, and the
perturbation due to F4 (Fp) is given by

Vamy = D

o (RyRL)EF4(B)

o *
(EA(B) - 50) CRyRLo°R R 0"

(6.12)

In the above equations, (dd_ ) is a vector joining nearest
neighbors; c* and c are, respectively, creation and annihi-
lation operators. This model is the tight-binding analog
of the free-electron model with spin-dependent potential
steps. While Edwards et al. took the in-plane hopping
parameter ¢ equal to the interplane, one, ¢, , I consider
here the slightly more general situation where ¢, # t;
this may arise, for instance, from a tetragonal distor-
tion of the lattice, due to epitaxial growth on a substrate
having a different lattice parameter. The Hamiltonian
Ho may be rewritten in terms of the Bloch functions, i.e.,

Ho = Z €k||klc;||k¢o'ck”k¢o7 (6'13)
k”kLa
with
Ekykio = €0 — 2t [cos(kga) + cos(kya)]

— 2t cos(kpa). (6.14)

For simplicity, I choose
el =€l = eo, (6.15a)
eh =eh =eo+A. (6.15b)

For this model, the coupling is given by Egs. (3.1)—(3.4).
Here, I shall consider the case of semi-infinite magnetic
layers. The reflection coefficients may be calculated eas-
ily by writing down the Schrodinger equation for the
atomic planes near the interface. They depend only on
the perpendicular components of the wave vectors, and
one obtains

rL = rg =0,
sin [(kI - kfr)d/Z]

sin [(kI + kf)d/z] ’

(6.16a)

rﬁ:"'é:

(6.16b)

where kI and kj_+ are, respectively, the perpendicular
wave vectors in the paramagnet and in the minority-spin
band of the ferromagnet, for a given energy ¢ and in-
plane wave vector k. The above expression for the re-
flection is extremely simple; in the limit case where both
wavelengths are large compared to d, it reduces to the
free-electron result. Below, I shall drop the A and B
indices for the reflection coefficients.

From the general expression of the coupling, Eq. (5.15),
one obtains

1 ) +oo+i0T
le—zr—alm/dk”/ dEf(E)

—oo+i0+
2 (r+/2)% eikI—k1)D
1—2(rt/2)% eitkI—kD)D’

(6.17)

The energy of the electrons in the spacer may be sepa-
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rated into a perpendicular and an in-plane component,
€. and ¢)|. Changing the variable ¢ for £, and integrat-
ing over k| first, one obtains

1 +oo+i0"
Ji=——1 de) Nag(er —
! a’w m/;oo+i0+ i sq(sF El)
2 (74'/2)2 eikI—k1)D
6.18
1—2(rt/2)% eitkI—k1)D’ (6.18)
where
Nm@pz/ de'ngq (') (6.19)

is the integral of the density of states of the square lattice,
whose expression is®°

1
27I'2t"2

xK(\/I— (e - 50)2/(4t”)2); (6.20)

here ©(x) is the Heaviside function, and

(C] (4t” - IE - 5‘0|)

Nsq(€) =

(6.21)

/2 d¢
K(z) = __ %
(=) /o V1 —22sin® ¢

is a complete elliptic integral.® The functions n.,(¢) and
Ngq(€) can be calculated once and for all. These functions
exhibit Van Hove singularities for e = eg and € = g9 +4ty.
At large spacer thickness, the integral over £, is domi-
nated by the neighboring of the Van Hove singularities.
Actually, for this model, the critical points giving the
coupling at large spacer thickness coincide with the ones
giving the Van Hove singularities of the square lattice
density of states.

In the limit of large thicknesses, the asymptotic ex-
pression of Sec. VB may be used. Thus, the problem
essentially consists in identifying the critical points. Fig-
ure 13 shows the complex Fermi surface for the simple-
cubic tight-binding model for various values of the Fermi
energy and of the ratio ¢, /t). The vectors ¢¢ are in-
dicated by the vertical arrows (solid and dashed arrows
correspond, respectively, to real and imaginary vectors
g% ); in these representations of the complex Fermi sur-
face, k) is systematically folded into the [—7/d;n/d] in-
terval; the complete picture of the complex Fermi surface
is obtained by repeating this with a period 2w /d. This,
together with the fact that ¢¢ is complex, should be kept
in mind when interpreting the length of the arrows in
terms of oscillation periods or decay lengths.

Let us first consider the case t; = t;. For ep = g9 —4¢
[Fig. 13(a)], the critical points at T, X, and M are, re-
spectively, of the kind C?, C?, and C?, according to the
classification of Sec. VC. For ep = g [Fig. 13(b)], the
critical points at T', X, and M are, respectively, of the
kind C?, C?, and C?. In both cases, the coupling is
given by the superposition of an oscillatory component
and of two evanescent components. The latter manifest
themselves by producing a bias of the oscillations for low

spacer thickness. In order for this effect to be observ-
able experimentally, Im(g%) should be small. A general
result is that oscillatory components decrease with tem-
perature, whereas evanescent ones increase.

When t; < t|, the necks of the Fermi surface in the
perpendicular direction occur at a lower value of e than
for the z and y directions. Figure 13(c) shows the com-
plex Fermi surface for ti/ty = 2/3 and ep = go — 2t).
In this case the critical points at T', X, and M are all
of the kind C?; the q¢ are all imaginary. Thus, one
has only evanescent coupling components: This metallic
spacer behaves, for the interlayer exchange coupling, like
an insulating spacer. This surprising result is merely of
conceptual interest, for such a situation seems unlikely
to happen in a real system.

The strength of the coupling is determined by the value
of rt at ep, for the various critical points. As one can
see from Eq. (6.16b), it depends essentially on the band
mismatch between the paramagnet and the minority spin
of the ferromagnet.

m/d
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FIG. 13. Complex Fermi surface and critical vectors of the
simple cubic tight-binding model; (a) t. = t, er = €0 — 4,
(b) tL =1t), er = €o, (C) tJ_/t” = 2/3, EF = €9 — 2t||.
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C. Anderson model

The Anderson (or sd-mixing) model was originally pro-
posed by Anderson®? to discuss the magnetic behavior
of isolated impurities in a nonmagnetic host material.
Caroli®? considered the problem of exchange coupling be-
tween two impurities; using perturbation theory, he ob-
tained the remarkable result that the strength and phase
of the oscillatory coupling are related directly, via Friedel
sum rules,®4 to the magnetic moment and number of elec-
trons, respectively, of the impurities virtual bound states.

The Anderson model has been adapted to the problem
of interlayer coupling by Wang et al.;?* they used per-
turbation theory, and focused on the case of interlayer
coupling across Cr spacer layers. In Ref. 25, I have con-
sidered this model from the point of view of Caroli; the
results are analogous to Caroli’s, but for virtual bound
states taken locally in the k| plane, at the critical points.
Here, I treat the Anderson model within the nonpertur-
bative theory of Sec. V.

The spacer material is described by a three-
dimensional array of “s states”; the Hamiltonian is

H, = E Eillk.Lcl:”kLUCkaJ_a- (6.22)

k”kLa

The magnetic layers F4 and Fp comsist of two-
dimensional arrays of localized “d states,” embedded in
the host material and located, respectively, at Rﬁ and
Rf; the Hamiltonian of F4 is expressed as

Ha=) ef di
A €k Iy R0y RA o
ko

+UZ N R4+ M R4 L
Ry

* *
+Vaa Z (ck”Riadk” R4, T dk”Rfack“Rfa) )
k“o’

(6.23)

where d* and d are, respectively, creation and annihila-
tion operators for d states, and n = d*d is the corre-
sponding occupation number operator. The first term
corresponds to the two-dimensional band energy due to
in-plane hopping; the second one is the on-site repul-
sive Coulomb interaction and the first one the sd mixing.
Treating the Coulomb term within the Hartree-Fock ap-
proximation yields an effective one-electron Hamiltonian,
with eﬁ” replaced by the Hartree-Fock energies

HF _ _d
Ekjo = €y T Un—o,

(6.24)
where nt and n; are, respectively, the number of d elec-
trons for majority and minority spins, to be determined
self-consistently.

Due to the sd hybridization the “localized” levels EEHF:,

are broadened into “virtual bound states” with an energy
shift T, (¢) and a width Ay (¢) given by

1
. —1v2 E :______—__
Fk” (E) - ZAkH (E) - ‘/Bd < €+ 30+
4

_ (6.25)
~ Ckyks

One defines the phase shift 7y o (), for an electron of
in-plane wave vector k|, energy €, and spin o, as

€) = arctan Ak"(s)
et =on (2

(6.26)

Adapting the Friedel sum rule®® to the planar geometry
of the system, one shows that the phase shift at Fermi
energy nk"a(e F) is related to the displaced charge Ny,
and spin polarization My, locally in the k| plane, i.e.,

™
77k”0(5F) = E (Nk” “+ O'Mk”) . (627)
This local character in the k; plane differs from the
Friedel sum rule in the usual case of an impurity, which
relates the phase shifts to the total screening charge and
spin polarization.

Then, one has to compute the reflection coefficients
for the Anderson model. This is done by straightforward
use of Eq. (4.14a), taking the sd-hybridization term as
the perturbation, which yields

.. . ikt
r7 = isin [nk”a(é‘p)] exp im0 (6F)] etfid, (6.28)
Thus the spin asymmetry of the reflection coefficients at
the Fermi energy is given by
7 ) ) et
Ar = 2 exp (urNk”) sin (1er”) etkid, (6.29)
Inserting this result in the asymptotic expression of the
interlayer exchange coupling, Eq. (5.27), one recovers the
result obtained previously by using Caroli’s method,2°
ie.,

Ji=-Im 3" hv§ ko sin’ (1Mq) ¥ N id5 (D+d)
! 4m2D? 4

(23

(6.30)

VII. COMPLEX FERMI SURFACE
OF NOBLE METAL SPACERS

Noble metal spacers have proved to be a model sys-
tem for the investigation of interlayer exchange coupling.
In particular, the predictions of the RKKY theory for
the periods of oscillation versus spacer thickness!? have
been very well confirmed by the experiment. This is
due to the fact that the Fermi surface of noble metals
is fairly simple and known accurately from de Haas—van
Alphen experiments.26 In this section, I present the com-
plex Fermi surfaces and the critical (stationary) vectors
of Cu, for the (001), (111), and (110) orientations of the
fcc structure and for the (001) and (110) orientations of
the bee structure. The cases of Ag and Au are similar to
Cu.

The complex Fermi surfaces have been calculated by
using the tight-binding linear muffin-tin orbital®® (TB-
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FIG. 14. Complex Fermi surface and critical vectors, for
fcc Cu (001).

LMTO) method, which has been adapted to handle com-
plex wave vectors. I have used the bulk potential param-
eters tabulated by Andersen et al.®3

Even for the simple case of noble metals, the complex
Fermi surfaces appear very intricate, because the com-
plex sheets are very numerous; however, only the ones
having a small imaginary part play a significant role.
Thus, I have considered only the complex sheets with
a small imaginary part. For representing the complex
Fermi surfaces, I use the conventions given in Sec. IV B.

The complex Fermi surfaces of Cu are shown in
Figs. 14-18, and the corresponding critical vectors are
listed in Tables I-V. The results for Ag and Au are given
in Tables VI-VIII and Tables IX-XI, respectively. In
these tables are indicated, successively, the location of the
critical point in the two-dimensional Brillouin zone, its
kind according to the classification of Sec. V C, the num-
ber of equivalent vectors the period (with taking aliasing
into account) for oscillatory terms, and the decay length
1/Im(g,) for evanescent terms.

Let us first consider the real sheets and the real criti-
cal vectors of the complex Fermi surface: One sees that,
for fcc Cu, there is good agreement between the present
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FIG. 15. Complex Fermi surface and critical vectors, for

fcc Cu (111).
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FIG. 16. Complex Fermi surface and critical vectors, for
fcc Cu (110).
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TABLE I. Critical points for the complex Fermi surface of
fcc (001) Cu.

TABLE III. Critical points for the complex Fermi surface
of fcc (110) Cu.

Location Kind Weight Period (AL) Decay length (AL)
T cy 1 5.88 —
I-X line C; 4 2.44 —

TB-LMTO calculations and the results of de Haas—van
Alphen experiments.!”26 However, the neck diameter is
slightly smaller than the experimental one; thus the os-
cillation periods which are related to the neck diameter
[i-e., the fcc (111) period and the long fcc (110) period]
are larger than the one given in Ref. 17.

The Fermi surface of bcc Cu may be viewed schemati-
cally as a fcc lattice of spheres, each sphere being linked
to the 12 neighboring spheres by necks. This case has
been considered by Johnson et al.,2® who calculated the
Fermi surface of bcc Cu (001) using the augmented
spherical-wave (ASW) method. However, they consid-
ered only the cross section corresponding to the I'-X line
of the two-dimensional Brillouin zone; thus, they were
able to identify only the short oscillation periods located
at I and on the T-X line, and they missed the two other
periods, located at M. This illustates the usefulness of
a systematic search of the critical points based on sym-
metry considerations, as exposed in Sec. VC. Johnson
et al.?® have studied experimentally the coupling across
bce Cu (001) in Fe/Cu/Fe films; they have observed os-
cillations with a period of 2 AL’s, which can be ascribed
to the critical vectors located at T’ and on the T-X line.
However, the thickness range they investigated (from 10
to 18 AL) was too narrow to allow the observation of the
long period (=~ 10 AL), which corresponds to the neck
diameter. The observation of this long-period oscillation
is a challenge to experiment; it would provide experi-
mental evidence of the existence of necks in the Fermi
surface of bcc Cu. The coupling across bec Cu (110) has
never been investigated experimentally; a priori, in view
of the good lattice matching, one may expect Cu to grow
on bee Fe (110) with the bee (110) structure; thus, the
Fe (110)/Cu/Fe system would be a good candidate for
studying interlayer coupling across bcc Cu (110).

I turn now to the complex sheets of the complex Fermi
surface. One notices that the most relevant complex
sheets are “bubblelike” complex pockets nested in the
necks of the Fermi surface which are along the direction
perpendicular to the layers. The size of the correspond-
ing imaginary critical vector is approximately given by
the neck diameter. The coupling contributions associated
with the imaginary critical vectors are nonoscillatory and
have an exponential decay; in contrast to the oscillatory
contributions, they increase with temperature. The ef-
fect of such nonoscillatory terms is to induce a bias of the
coupling for low spacer thicknesses, so that the superim-
posed oscillatory contributions appear nonsymmetrical

TABLE II. Critical points for the complex Fermi surface
of fcc (111) Cu.
Location Kind Weight Period (AL) Decay length (AL)
T C? 1 — 1.62
M c? 3 5.88 —

Location Kind Weight Period (AL) Decay length (AL)

r c? 1 2.04 —
T c? 1 — 1.36
X c? 2 2.76 —_
S c? 2 2.43 —
S c? 2 11.32 —
Y c? 2 — 1.76

with respect to zero. For noble metals, the neck diameter
is such that the decay lengths are very short (~ 1.5 AL);
however, it has been demonstrated experimentally that
by alloying Cu with a metal of lower valence,3° 32 one
observes a change of the periods of oscillatory coupling,
which is successfully interpreted by a reduction of the
Fermi surface and of the neck diameter. Thus, such sys-
tems are expected to have nonoscillatory coupling terms
with a larger decay length (and also a stronger tempera-
ture dependence), and might allow an experimental check
of the theory developed in this paper.

VIII. CALCULATION OF REFLECTION
AND TRANSMISSION COEFFICIENTS
FOR REALISTIC MULTIBAND SYSTEMS

A. General case

The reflection and transmission coefficients, for per-
turbation layers of moderate thickness, can be calculated
by direct application of Egs. (4.14a) and (4.14b), respec-
tively. This involves numerical inversion of a matrix of
size (NoN; X N,N;), where N, is the number of orbitals
per site and N; the number of perturbed atomic layers.
However, when the perturbation layers are very thick, or
even semi-infinite, this approach is not suitable. In this
section, I discuss how to compute the transmission and
reflection coefficients for a thick or semi-infinite pertur-
bation, in terms of those for thin perturbation layers.

Since the in-plane wave vector and the spin are good
quantum numbers, they do not play any specific role for
this problem, and they will be omitted in this section. Let
us consider the case where the perturbation potential V
can be spatially split in two parts V; and V3; the origins
for the outgoing waves of positive and negative veloci-
ties are noted, respectively, RIS) and RI((,l), for Vi, and
RT? and RT(?, for V,, with RV < RT(V < RT® <
Rigz). For the total perturbation, we take R, = RJ__(()I)
and RIO = RL()Z).

The Green’s function of the whole system may be ex-
pressed in terms of the ¢ matrices T; and T,, correspond-
ing to V; and Vg, respectively, i.e.,

TABLE IV. Critical points for the complex Fermi surface
of bee (001) Cu.

Location Kind Weight Period (AL) Decay length (AL)

T c? 1 2.70 —
T-X line C. 4 2.33 -
X c? 4 — 1.24
M c? 2 2.48 —
M c? 2 10.32 -
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TABLE V. Critical points for the complex Fermi surface
of bee (110) Cu.

Location Kind Weight Period (AL) Decay length (AL)

TABLE VII. Critical points for the complex Fermi surface
of fcc (111) Ag.

Location Kind Weight

Period (AL) Decay length (AL)

T c? 1 — 1.56 T c? 1 — 2.28
N 0 M

N CS 1 5.77 — M c? 3 7.64 —
B c? 4 3.10 —

G =Go+ GoT1Go + GoT1GoT2Go + GoT1GoT2GeT1Go + - -+
+GoT2Go + GoT2GoT1Go + GoT2GoT1GoT2Go + - -+ (8.1)

this equation may be rewritten in the following form:

G =Go+GoT1Go + (1+ GoTy) (1 — GoT2GoT1) ' GoT2(1+ GoT1) Go (8.2a)
= (1+GoTy) (1 —GoT2GoT1) 1 (14 GoT2) Go (8.2b)
= Go + GoT2Go + (1 4+ GoT2) (1 — GoT1GoT2) " * GoT1 (1 + GoT2) Go (8.2¢c)
= (14 GoT3) (1 —GoT1GoT2) ! (1 + GoT;) Go. (8.2d)

Proceeding as in Sec. IV C, with inserting a closure relation on k, for each factor Gg, we obtain, respectively, from
Egs. (8.2a), (8.2b), (8.2c), and (8.2d) the expression of the reflection and transmission matrices R*~, T** R™" and

T 7, ie.,
R*™ = R{~ +T{*exp [iK* (R - R1()]

X {1 - R;'— exp [iK_ (RISI) - RI(()Z))] R1—+ exp [iK+ (RJ_.(()Z) - Rj_-t()l))] }—1

xRY ™ exp [iK™ (RIEY - RI)| 717, (8.3a)
TH = T exp [iK+ (RI((,Z) - Rjg”)]

x {1-Rf ™ exp ik~ (RISY - RIS R+ exp [ik* (RIY - RIY)] }_1 T4, (8.3b)
R =R;™ + T;  exp [z'K_ (RL‘,” - R;ff")]

X {1 ~ Ry T exp [iK+ (RI((,Z) - RL(,I))] RS~ exp [iK— (Rig,l) - R__u(,z))] }_1

xRy * exp [iK* (RI( - RID)| T, (8.3¢)
T =T; exp [iK‘ (Rﬂ,” - RL‘,”)]

x {1=Ri* exp [ik* (ngz’ - Rjg”)] Ry~ exp [iK™ (RI(;) - R1Y)] }_1 T . (8.3d)

The physical interpretation of the above expressions in
terms of multiple reflections is obvious.
Let us now consider the case where the layers per-

turbed by V; and V, are adjacent; i.e., we take Rigl) =

ngz)- Strictly speaking the procedure described above
can be used in such a case only if the perturbation poten-
tials, respectively, V; and V; (and hence the ¢t matrices

TABLE VI. Critical points for the complex Fermi surface
of fcc (001) Ag.

Location Kind Weight Period (AL) Decay length (AL)

_ T c? 1 5.63 —
T-X line C. 4 2.30 —

T; and T3), do not extend beyond RI(()l) and RI‘(,z), re-
spectively. I shall assume that this condition is, at least
approximately satisfied, so that Egs. (8.3a)—(8.3d), re-
spectively, take the simpler form

TABLE VIII. Critical points for the complex Fermi surface
of fcc (110) Ag.

Location Kind Weight Period (AL) Decay length (AL)

r c? 1 2.05 —
r c? 1 — 1.22
X c? 2 2.85 —
S c? 2 2.29 —
S c? 2 15.71 —
Y c? 2 — 2.67
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TABLE IX. Critical points for the complex Fermi surface
of fcc (001) Au.

TABLE XI. Critical points for the complex Fermi surface
of fcc (110) Au.

Location Kind Weight Period (AL) Decay length (AL)

Location Kind Weight Period (AL) Decay length (AL)

r c? 1 8.12 —
I-X line C. 4 2.37 —

RT™ =R+ Tt (1-RIR{T) 'RF Ty, (8.4a)
TH =T (1-RIR7H) T T, (8.4b)
R™* =Ry "+ T~ (1-R{*RF™) "R{HTSY,  (8.4c)
T =T,  (1-R{™R{7) 7T (8.4d)

With the above relations, one can obtain the reflec-
tion and transmission matrices for an arbitrary layer, by
“building it up” from the ones of elementary constituents.
In particular, one can compute the reflection matrix for
a semi-infinite perturbation layer. To this end, one splits
the perturbation into bulk part, in which the potential is
bulklike, and an interface region in which the potential
differs from its bulk value. More precisely, if we take the
perturbation to be in the R; < 0 half space, we wish to
compute R", the reflection matrix of the whole pertur-
bation, in terms of R;;(LBV the reflection matrix for the

bulklike semi-infinite perturbation, and R?}T and T?:IT,
the reflection and transmission matrices for the interface
region. By using Eq. (8.4c), one obtains

Re" =Ry + Ty

—1
—+  pt— —+ T4+
x (1 —RamR( ) Reote) T (1)

while R;JB) is calculated by noting that the bulklike
semi-infinite layer remains unchanged after addition (or
removal) of a stack of n bulklike atomic layers, so that it
satisfies

(8.5)

Reo(®) = Ra®) + Tas)

x (1- R;“(LB)R;:(;))“I R

o) Tns)-  (8:6)

B. Reflection and transmission coefficients
in terms of phase shifts

Considerable simplifications occur in the case where
there is a single pair of propagative states (one in each
direction) in the host material (but not necessarily in the
perturbation material), all other states being evanescent
with a very short decay length. In this case, the evanes-

TABLE X. Critical points for the complex Fermi surface
of fcc (111) Au.

Location Kind Weight Period (AL) Decay length (AL)
r c? 1 — 1.56
M c? 3 6.35 —

r c? 1 2.01 —
r c? 1 — 2.25
X c? 2 — —
S c? 2 2.38 —
S c? 2 12.60 —
Y c? 2 — 1.70

cent states in the spacer play a negligible role, and can
be neglected. Thus, in the relations given above, the
reflection and transmission matrices are to be replaced
by simple reflection and transmission coefficients for the
propagative states. This situation arises, in particular,
in noble metals near Fermi energy.

If, furthermore, the system is symmetric with respect
to a plane parallel to the layers, one can consider sepa-
rately the symmetric (S) and antisymmetric (A) parts of
the wave functions. Below, I shall show that the reflec-
tion and transmission coefficents for one atomic layer of
perturbation may be expressed in terms of phase shifts
ns and m4, corresponding, respectively, to the symmet-
ric and antisymmetric parts of the wave functions. By
symmetry, these coefficients satisfy (with an appropriate
choice of the relative phase of the states |kI> and ‘kl))

ryT = Ty
tht =t "=t .

+ (8.7a)

(8.7b)

=7,

Then, I shall derive the reflection coefficients r., for a
semi-infinite perturbation, and finally for an n-atomic-
layer-thick perturbation 7,.

The reflection and transmission coefficients are given
by Egs. (4.14a) and (4.14b), with the origins R}, and
R7, chosen as shown in Fig. 12. Introducing the pro-
jection operators Pg and P 4, which project, respectively,
on the symmetric and antisymmetric parts, one has

(kT|T|,T) = (kI|PsTPs [kT) + (kT|PaTPA [KT) |
(8.8)

for both Gy and V are block diagonal in symmetric and
antisymmetric parts. Then, one can show that, for a
suitable choice of the phases of |kI> and |kI>,

(KI|PsVPs[kL) = (kI|PsVPs |kT)

Aot

N d sin(ns) s, (8.9a)
(RL|PaVP4 kL) = —(kI[PaVPA[kL)
— hot ina

=-N.d sin(ng) '™ , (8.9b)

and one obtains the expression of the reflection and trans-
mission coefficents:

1

_ 2ins 2ina iktd
Ty = s (€ —e€ erL
= )

= isin(ns — na) ei(nstna+kid) , (8.10a)
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t, = % (ezins + ezim) eikid

= cos (s — N4) ei(ns+7m+kjd) )

(8.10b)
The phase shifts s and 4 are the one-dimensional coun-
terparts of the partial-wave phase shifts in the theory of
scattering by a central potential. The expression of the
reflection coeflicient for the Anderson model [Eq. (6.28)]
is a particular case of the above result, with n4 = 0.

Let us now turn to the calculation of ro,. By using
Eq. (8.6) with n = 1, one shows easily that

roo — eza s

(8.11)
with

sin (ns +na + kTd)
cosa = — - ,
sin (ns — na)

(8.12)

where one chooses the solution a giving roo < 1. If a is
real, i.e., if |sin (TIS +n4 + kId)I < |sin (ns — n4)|, one
has |ro| = 1, i.e., total reflection; in the opposite situa-
tion, one has partial reflection only (Jroo| < 1).

By using a transfer-matrix formalism,®® one obtains an
alternative (but equivalent) expression for ro,

sin [(kI - kII) % + WA]

Foo = , (8.13)
sin [ (kT + k') 4 +na
where
cos (k+'d) = & (ns + na + k1d) (8.14)
L - cos (ns — ma) ’ ’

and the expression of the reflection coefficient for a per-
turbation containing n atomic layers,

1 —exp (2nikild)

Tn = Too (8.15a)
1 - 72 exp (2nikild)
or, equivalently,
sin (nkI’d)
Th = —-——:_-I——-—-— . (815b)
sin (nk Td+ a)

Clearly, kII should be interpreted as the effective wave
vector for propagation through the perturbation mate-
rial. It is remarkable that, even if many propagative or
evanescent states are present in the perturbation material
for the energy and in-plane wave vector under considera-
tion, the expression of the reflection coefficient takes the
same form as if there were a single pair of allowed states
in the perturbation material.

According to whether kf is real or imaginary, one has
partial or total reflection, respectively, for a semi-infinite
perturbation. The dependence of the reflection coeffi-
cient with respect to the number n of atomic layers in
the perturbation takes the same form as for the free-
electron model; r,, oscillates with n when |roo| < 1 (i.e.,

when kII is real), and varies exponentially when |r,| = 1

(i.e., when kf is imaginary), which is the behavior one
expects intuitively.

IX. DISCUSSION OF A REALISTIC CASE:
Co/Cu/Co(001)

The system Co/Cu/Co(001) has served as a model sys-
tem for investigations of interlayer exchange coupling,
both experimental and theoretical. This is motivated by
(i) the good lattice matching between Cu and fcc Co,
(ii) the strong ferromagnetism of Co, and (iii) the fact
that Cu has a fairly simple Fermi surface. Furthermore,
experiments of spin-polarized photoemission in Cu over-
layers on fcc Co(001) have revealed the presence of (spin-
dependent) oscillations in the density of states, which can
be interpreted in terms of quantum interferences in the
Cu overlayer as discussed in Sec. II.

In the present section, I shall illustrate the approach
introduced in Sec. VIII by calculating the reflection co-
efficient for the Cu/Co(001) interface, for the center T' of
the two-dimensional Brillouin zone.

The calculations have been performed by using the TB-
LMTO method.®®* The Wigner-Seitz radius of bulk Cu
(rws = 2.669 a.u.) has been taken for both materials,
and possible tetragonal distortions have been neglected.
For the potential parameters, the values calculated self-
consistently for bulk materials at rws = 2.669 a.u.
(Ref. 67) have been used. The potential change at the
interface is taken into account simply by lining up the
Fermi levels of the two materials, and neglecting changes
in potential parameters for the layers close to the in-
terface; in view of the short screening length for charge
transfers, this simple approximation is expected to yield
reasonable results.

Figure 19 shows the band dispersion versus k; of Cu
(a), and of majority- (b) and minority- (c) spin fcc Co,
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FIG. 19. Band dispersion vs k; of Cu (a), and majority-
(b) and minority- (c) spin fcc Co, for the center T of the (001)
two-dimensional Brillouin zone. The bold lines correspond to
states of A; symmetry.
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for the center T of the (001) two-dimensional Brillouin
zone. The phases shifts s and 74, for majority and
minority spin, versus energy are presented in Fig. 20.
Figures 21 and 22 present the reflection coefficients (in
module), respectively, for one atomic layer of Co and for
a semi-infinite Co layer.

As appears from Figs. 21 and 22, the reflection coef-
ficient for majority-spin electrons is very small. This is
because the majority-spin band structure of fcc Co, in
the neighborhood of the Fermi level, is very similar to
the Cu one, as seen in Fig. 19.

On the other hand, much stronger reflection coeffi-
cients are obtained for minority-spin electrons. Further-
more, the reflection coefficient for minority spin increases
strongly with decreasing energy below the Fermi level;
in particular, for € — er S —0.55 eV, one has |ry | = 1;
i.e., total reflection is achieved for minority-spin electrons
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FIG. 20. Phase shifts ns (circles) and 4 (triangles) vs en-
ergy at I, for the Cu/Co(001) system: (a) majority spin, (b)
minority spin.
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FIG. 21. Module of the reflection coefficient for one atomic
layer of Co(001) embedded in Cu, |ri], calculated at T vs
energy.

(Fig. 22). The occurrence of the total reflection coin-
cides with the opening of a gap in the fcc Co minority-
spin subband of A; symmetry, as seen in Fig. 19(c).
This is because the only states contributing to the re-
flection are those having the same symmetry as the inci-
dent wave in Cu (i.e., Ay). The d state responsible for
the opening of the gap, and hence for the occurrence of
total confinement, is the 3dsz,2_,2 state; it is symmetric
with respect to the z-y plane, and this is reflected by
the fact that the phase shift g varies strongly with de-
creasing energy, whereas 74 remains almost unchanged.
In other words, one may say that the maximum of lrﬂ
at e —ep =~ —0.75 €V is due to a virtual bound state

1.0 oV~~~
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FIG. 22. Module of the reflection coefficient at the

Cu/Co(001) interface with semi-infinite Co, |roo|, calculated
at I' vs energy.
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of d3,2_,2 character; the total reflection (|ry| = 1) is
due to the cumulative effect of strong scattering on the
successive Co planes.

The above findings are in good agreement with the
experimental observations from spin- and angle-resolved
photoemission of Garrison et al.#? and Carbone et al.,*3
and with recent ab initio calculations by Nordstrom et
al.%®

At the Fermi energy, the minority-spin phase shifts at
T are, respectively, ns = 0.867 and 74 = 0.957, while
kid = 0.857; from Eq. (8.15a), the effective wave vector
kT’ in minority-spin Co is kI’d = 0.66m, so that the
reflection coefficent oscillates with Co thickness with a
period of 3.0 AL, as depicted in Fig. 23. Consequently
the interlayer coupling oscillates with Co thickness with
a period of 3.0 AL; this is in good agreement with the
experiments of Bloemen et al.,3” who observe a period of
3.5 AL.

0.5
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r
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0.3 — i
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(b) argument of r, I‘
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FIG. 23. Reflection coefficient for minority spin at e and
T, r, vs Co thickness: (a) module, (b) argument.

X. CONCLUDING REMARKS

In this paper, I have presented a comprehensive dis-
cussion of the problem of interlayer exchange coupling.
The mechanism of coupling can be described in terms
of quantum interferences due to reflections on the spacer
boundaries. This approach provides a very intuitive and
physically appealing picture of the problem. In partic-
ular, it allows the understanding of most behaviors ob-
served experimentally. Furthermore, original predictions
have been obtained, and confirmed experimentally, such
as the variation with respect to magnetic layer thickness.

An important result of the present theory is the unified
treament of the cases of metallic and insulating spacer
layers, by introducing the concept of a complex Ferm:
surface.

This theory can also be implemented for discussing re-
alistic cases. This has been illustrated in the present
paper for the case of noble metal spacer layers, and more
specifically, for the Co/Cu/Co(001) system.

The approach presented here establishes a precise,
quantitative relationship between the interlayer coupling
and other experimental evidence of quantum interfer-
ences in ultrathin layers, such as photoemission obser-
vations. Photoemission can be used as an energy-, wave-
vector-, and spin-selective probe of the electron confine-
ment in ultrathin layers, thus providing a unique tool
to investigate the mechanism of interlayer exchange cou-
pling and check theoretical interpretations of the phe-
nomenon.

Finally, let us mention that other properties, such as
magneto-optical effects, exhibit oscillatory behavior with
respect to layer thicknesses in ultrathin films.%9~72 These
effects can be also interpreted in terms of the quantum
interferences due to confinement.”?
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APPENDIX A: INTEGRATION
OVER PERPENDICULAR WAVE VECTORS

One often has to perform integrations of the type

d [™/¢ etkL(RL—R!) Flk Al
"o —n/d 5+z0+~£ (k), (A1)

where €, and F'(k,) are periodic functions of k,, of
period 27 /d. The integration is performed in the complex
k. plane as shown in Fig. 24, by closing the path in the
upper (lower) half-plane if R, > R, (R. < R'|). The
integrals along the vertical lines cancel each other, while
the integral along the portion of arc vanishes as the radius
tends to infinity.
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Im(k, )

. Re
“mid 0 m/d k)

FIG. 24. Integration paths in the complex k, plane for
computing Eq. (A2); the integration is performed along the
contour C (C') if R, > R!, (RL < R!).

The poles always occur in pairs, one of them being
located in the upper half-plane, the other in the lower
half-plane, as sketched in Fig. 24. The ones having an
infinitesimal imaginary part correspond to propagative
states, while those lying off the real axis correspond to
evanescent states. Using the theorem of residues, it is
then a simple matter to show that

""Ld st _p!
I=+ Z; s eI (RL—RL) (g, (A2)
k_L

where the sign + (=) is for R, > R/, (RL < R/|), the
wave vectors kf are such that epr =€+ 10", and where
v, is the group velocity,

= ldEkJ'-
VL= Rk,

(A3)

note that for a complex wave vector, this velocity is gen-
erally complex.

APPENDIX B: INTEGRATION
OVER THE ENERGY

I consider here the calculation of the integral

co+i0t
I= Im/+ " de f(e) A(e)eiasD. (B1)

—oo+i0t

For large D, the exponential factor varies very rapidly
with e; thus, the most important contribution arises from
the neighborhood of ep, where the Fermi-Dirac distribu-
tion f(&) drops rapidly from 1 to 0. The scattering vector
q. is expanded around er [Egs. (5.21) and (5.22)].

Let us first calculate the integral at T = 0,

Ep+i0+ .
Iy = Im/ dsA(s)e"“D.

—oco+107+

(B2)

The integration path may be changed for a complex path
which joins e at an angle ¢ such that

_ T
¢= Arg (vip)+ 3 (B3)
For large D, this yields
, +— iquD
Io~ - Im [’ﬁ”lFAg;’)’)e ] (B4)

Then, I — I, can be calculated by using tabulated
integrals,”* and one obtains

_ ithf,.A(eF)e"q*FD
I=—1Im [ 5D
+...
. 2nkpgT D/h'uLF+— (B5)
sinh (27rkBTD/th_F)
for
1
ksT (B6)

K ——FF— -
Im(2D/hv}5)
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FIG. 8. Contour plot of the interlayer exchange coupling J;
vs spacer thickness D and magnetic layer thickness L, calcu-
lated within the free-electron model [Egs. (3.11) and (3.26)].
Parameters: ep = 7.0 eV, A = 1.5 eV, U = 0. The spacing
between successive contour lines is 40 x 10~? ergcm™?; the
shaded area corresponds to antiferromagnetic coupling.



