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Magnetic multilayers typically consist of alternate stacks of ferromagnetic and non-
ferromagnetic spacer layers. The typical thickness of an individual layer ranges be-
tween a few atomic layers (AL) to a few tens of AL. The magnetic layers usually
consist of elemental metallic ferromagnets (Fe, Co, Ni) or alloys thereof (e. g. permal-
loy). The spacer layers can consist of any transition or noble metal; they are either
paramagnetic (Cu, Ag, Au, Ru, Pd, V, etc.) or antiferromagnetic (Cr, Mn).

Because of the spacer layers, the magnetic layers are, to first approximation, mag-
netically decoupled from each other, i.e. their basic magnetic properties such as
magnetization, Curie temperature, magnetocrystalline anisotropy, magneto-optical
response, etc., are essentially those of an individual layer. This approximation, how-
ever, is not sufficient for accurate descrition of the magnetism of multilayers, and
one must consider the magnetic interactions which couple successive magnetic layers
through spacer layers.

The various interactions giving rise to an interlayer magnetic interaction are: (i)
the dipolar interaction and (ii) the indirect exchange interaction of the Ruderman—
Kittel-Kasuya—Yosida (RKKY) type.

For a homogeneously magnetized layer consisting of a continuous medium, there
isno dipolar stray field, so that dipolar interlayer coupling can arise only as a result of
departures from this idealized situation. This is the case when one considers the real
crystalline structure of the layer. It is, however, easy to show that the dipolar stray
field decays exponentially as a function of the distance from the magnetic layer, with
a decay length of the order of the lattice parameter, so that this effect is completely
negligible compared with the interaction as a result of exchange, to be discussed
below. Significant dipolar interlayer interactions can, nevertheless, arise from corre-
lated roughness imperfections of the layers (“orange peel” effect) as first pointed out
by Néel [1]. This effect, however, becomes negligible for the high quality multilayers
that can be fabricated nowadays. Finally, dipolar interactions are important when the
magnetic layers are not saturated and split into magnetic domains; this interaction
leads in particular to a correlation between the magnetic domains of the successive
magnetic layers. This phenomenon is, therefore, extrinsinc and we shall disregard it
below by restricting ourselves to homogeneously magnetized layers.

The indirect exchange interaction has a completely different physical origin. It
is mediated by conduction electrons which are scattered successively by the mag-
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netic layers. Historically, this type of interaction was first proposed by Ruderman
and Kittel to describe the indirect interactions between nuclear spins in a metal
[2], and then extended to electronic magnetic moments by Kasuya [3] and Yosida
[4]. This interaction has received a much attention, in particular in the context of
dilute magnetic alloys. Neither theoretical predictions, nor the experiment results,
were, however, sufficiently precise to enable fully understanding of this mechanism
and quantitative testing of the theoretical predictions. Indirect exchange interactions
have received intensly renewed attention since 1990 in the context of magnetic mul-
tilayers —indeed, in contrast with the situation of a dilute alloy, in which the distance
between magnetic impurities is randomly distributed, multilayers enable controlled
variation of the distance between successive magnetic layers and their crystallo-
graphic orientation; this enables a very detailled study of indirect exchange interact-
10ns.

In this chapter we present an overview of the state-of-the-art of our understanding
of interlayer coupling as a result of indirect exchange interactions in transition metal
multilayers. In Section 2 we give a short overview of the experimental observations.
This is followed by an overview of the theoretical approaches that have been used to
describe the interlayer exchange coupling (Section 3). Theoretical description based
upon the idea of spin-dependent quantum confinement is presented in Section 4. The
behavior obtained in the limit of large spacer thickness is discussed in Section 5, and
the dependence of interlayer exchange coupling on magnetic layer thickness and on
overlayer thickness are treated in Sections 6 and 7, respectively. The amplitude and
phase of interlayer coupling oscillations are discussed in Section 8.

9.2 Survey of Experimental Observations

Interlayer magnetic interactions were first reported in rare-earth superlattices [5,
6]. Rare-earth multilayers will not, however, be considered here, and the reader is
refered to recent review papers on this subject [7, 8].

For transition metals systems, antiferromagnetic interlayer exchange coupling in
Fe/Cr/Fe layers was first reported by Griinberg et al. [9]. They observed an anti-
ferromagnetic interlayer interaction, decaying regularly with increasing Cr spacer
thickness. Phenomenologically, the interlayer interaction energy per unit area can
be expressed as

E®) = J cos#, (1)

where @ is the angle between the magnetizations of the two magnetic layers, and J is
called the interlayer coupling coupling constant. With the sign convention adopted
here, a positive (negative) value of J relates to an antiferromagnetic (ferromagnetic)
type of coupling. One should pay attention to the fact that other conventions for the
sign and normalization of the coupling constant are frequently found in the literature.
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In practice, an antiferromagnetic interlayer interaction is easily revealed and mea-
sured by performing a magnetization measurement (or measurement of any property
proportional to the magnetization, for example magneto-optical Kerr or Faraday ef-
fect) as a function of an applied magnetic field. In zero field, because of the antiferro-
magnetic interaction, the magnetization of successive magnetic layers is antiparallel
to each other, resulting in zero remanent magnetization (if the magnetic moments
of the layers are equivalent). When an external field is applied the Zeeman energy
tends to align the magnetization of both layers in the field direction, so that the
magnetization progressively increases until a saturation field is reached; the value of
the latter gives a quantitative measure of the antiferromagnetic interaction strength.
One should be aware, however, that it is not always easy to distinguish this behavior
from the effect of magnetocrystalline anisotropy, or magnetic domains. Hence, for
a convincing measurement it is necessary to perform a quantitative micromagnetic
analysis of the influence of the latter effects [10, 11].

A ferromagnetic interaction is much more difficult to detect and measure quanti-
tatively, because the application of an external magnetic field has no direct action on
the mutual orientation of the magnetizations of the successive magnetic layers and
thus cannot probe their mutual interaction. It is, nevertheless, possible to measure
ferromagnetic interlayer interactions by means of magnetometry by using specially
devised structures. This can be achieved by pinning the magnetization of one mag-
netic layer, leaving the other one free to align itself along an external magnetic field.
The pinning of the magnetization of a ferromagnetic layer can be achieved by cou-
pling it to an antiferromagnetic layer [12], or by coupling it to another ferromagnetic
layer via a strong antiferromagnetic coupling [13], or by using a magnetic layer with
a strong magnetic anisotropy and coercivity [14].

The discovery, by Parkin et al. [15], of spectacular oscillatory variation of the
interlayer coupling depending on spacer layer thickness in Fe/Cr and Co/Ru mul-
tilayers has stimulated intense research activity in this field. Systematic studies by
Parkin revealed, furthermore, that the oscillatory behavior is observed for spacer
layers consisting of almost any transition or noble metal and is therefore essentially
a universal feature of this phenomenon [16].

The generic behavior of oscillatory interlayer exchange coupling is an interaction
which oscillates periodically in sign and magnitude, with an amplitude which decays
as 1/D?, where D is the spacer thickness. The oscillation periods depend on the
nature and crystalline orientation of the spacer metal, but not on the nature or
thickness of the magnetic layers. Typical values of oscillation periods are between 2
and 10 AL. The strength of the interaction, on the other hand, depends both on the
characteristics of the spacer and of the magnetic layers.

To enable very precise investigation of the dependence on thickness of the in-
terlayer coupling and to avoid problems resulting from unsufficient reproducibility
in sample growth conditions and layer thicknesse, Fuss et al. [17] introduced a new
technique, which consists in using samples in which the spacer is prepared as a wedge
of continuously varying (average) thickness, obtained by moving a shutter close to
the sample during deposition. By using Kerr effect, magnetometry can be performed
locally by scanning a focused laser on the sample. This ingenious method turned out
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to be essential for successfully revealing full richness of thickness variation of the
interlayer exchange coupling.

In particular, in confirmation of theoretical predictions (see below) it has been
found experimentally that multiperiodic oscillatory coupling exists in Fe/Au(001)/Fe
[17-19], Co/Cu(001)/Co [20-22], and Fe/Ag(001)/Fe [23] multilayers.

The dependence on spacer thickness of the coupling constant J can therefore
generally be expressed as:

Ay .
J = Z,: o Sin (ge D + ¢g) (2)

where the index « labels the various oscillatory components. The strength of inter-
layer exchange coupling, as expressed by A, (which the dimension of an energy), is
typically of the order of 1 to 10meV, which (for a spacer thickness of 1nm) corre-
sponds to a value of the order of 0.1 to 1 mJ m~2 for the coupling constant J.

Although the greatest dependence on thickness is the dependence on spacer
layer thickness, (weak) oscillatory dependence on magnetic layer thickness has
been observed for the Co/Cu(001)/Co system by Bloemen et al. [24] and for the
Fe/Cu(001)/Co system by Back et al. [25], and dependende on the thickness of a
non-magnetic coverage layer has been observed for the Co/Cu(001)/Co system by
de Vries et al. [26], for the Fe/Au(001)/Fe system by Okuno and Inomata [27], and
for the Co/Au(111)/Co system by Bounouh et al. [28], in accordance with theoretical
predictions (see below for a detailed discussion).

Although the most frequent behavior for the interlayer exchange coupling is of the
form given by Eq. (1), Riihrig et al. [29] have observed in the Fe/Cr(001)/Fe system
a special kind of coupling in which the magnetization of successive magnetic layers
tends to be perpendicular to each other, rather than either parallel or antiparallel,
as follows from Eq. (1). This behavior can be understood if one assumes that the
coupling is of the form

E(8) = Jycos6 + J cos? 0 (3)

In combination with the effect of cubic magnetocrystalline anisotropy, the above
coupling can, indeed, lead to a 90 degree configuration for suitable values of the
coupling constants J; and J,. This effect has been observed in other systems also. This
additional coupling contribution is often dubbed “biquadratic” coupling. Although
such coupling can, in principle, arise from intrinsic mechanism, this effect is usually
too small to explain the experimental observations, and it is believed that other
(extrinsic) mechanisms related to structural defects are responsible. This effect will
not be considered further in this paper; the interested reader can find up-to-date
discussions on this topic in recent review papers [30, 31].

Note that interlayer exchange coupling has been observed not only for metallic
spacer layers, but also for semiconducting spacer layers [32-35]. This effect is, how-
ever, believed to have a mechanism different from that operating for metallic spacer
layers, and will not be discussed further here. ‘
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9.3 Survey of Theoretical Approaches

9.3.1 RKKY Theory

The striking similarity between the oscillatory behavior observed experimentally and
that obtained from the RKKY interaction between magnetic impurities suggests,
of course, that the two phenomena have a common mechanism. This prompted
researchers to attempt to describe interlayer exchange coupling by adapting the
RKKY theory [36-40].

This approach rapidly achieved significant success. In particular, Yafet [36] first
explained the oscillatory behavior and the 1/D? decay law (compared with a 1/D3
decay obtained for the RKKY interaction between impurities). Extending the the-
ory to take proper account of the real electronic structure of the spacer material
(as opposed to the free electron approximation used so far), Bruno and Chappert
[38, 39] derived the selection rule giving the oscillation period(s) of the oscillatory
coupling in terms of the (bulk) Fermi surface of the spacer. By applying this selec-
tion rule, they calculated the oscillation periods for noble metal spacers; their results
(including the prediction of multiperiodic oscillations) were soon confirmed quanti-
tatively by experiment (see discussion below), giving strong support to the RKKY
theory. Because of the approximations used, however, the RKKY theory did not
enable quantitative description the amplitude and phase of the oscillatory coupling,

9.3.2 Quantum Well Model

Independently, an (apparently) different mechanism was soon proposed by Edwards
et al. [41] and by other authors [42-45]. In this approach the coupling is ascribed to
the change of density of states resulting from the spin-dependent confinement of the
electrons (or holes) in the quantum well provided by the spacer layer. Remarkably,
this approach yielded exactly the same oscillatory behavior and decay as the RKKY
interaction. On the other hand, the description of the amplitude and phase was more
satisfactory, although early attempts to calculate these were based on assumptions
that were too crude (free electron model, single tight-binding model) to yield realistic
quantitative results. More realistic calculations have subsequently been performed
on the basis of the quantum-well model [46—48].

9.3.3 sd-Mixing Model

Yet another approach was based upon the sd-mixing model [49-51], proposed earlier
by Anderson [52] and Caroli [53] to described the interaction between magnetic
impurities in metals. This approach yielded the same result as the RKKY theory for
the oscillation periods and decay law of the coupling. Description of the amplitude
and phase of the coupling was more physical than that provided by the RKKY theory.
Bruno [51], in particular, showed that the amplitude and phase in terms of a (suitably
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adapted) Friedel sum rule [54] for the magnetization and charge of an the magnetic
“impurities.”

9.3.4 Unified Picture in Terms of Quantum Interferences

The coexistence of a variety of apparently different mechanisms predicting essen-
tially similar behavior for the coupling led to a somewhat puzzling and controversial
situation regarding the true nature of the mechanism of interlayer exchange coupling,
This puzzle was solved when Bruno [55, 56] and subsequently Stiles [57] showed that
the different approaches indeed corresponded to different approximations of a same
mechanism. They reformulated it in a physically appealing picture in which the am-
plitude and phase of the oscillatory coupling are expressed in terms of the amplitude
and phase of reflection coefficients for the electrons at the interfaces between the
spacer and the magnetic layers.

This approach has been used by several authors to perform quantitative calcula-
tions for realistic systems [58-60].

Furthermore, thanks to its physical transparency, this approach has enabled qual-
itative prediction of new behavior, for example oscillations depending on magnetic
layer thickness [61] and on overlayer thickness [62].

9.3.5 First-principles Calculations

Finally, numerous authors have performed first-principles calculations of interlayer
exchange coupling for realistic systems [63-72]. Besides modeling the approaches
mentioned above, first-principles calculation plays a very important réle in elucidat-
ing the mechanism of interlayer exchange coupling: on one hand, it provides a test of
the qualitative predictions of the simplified models, while on the other hand it yields
quantitative predictions for realistic systems than can be compared critically with ex-
perimental observations. The most widely investigated system is the Co/Cu/Co(001)
system, which has served as a benchmark for the theory of interlayer exchange cou-
pling. While early attemps yielded doubtful results, essentially because of the great
difficulty of such numerical calculation, the most recent results have given results
than can be considered satisfactory in many respects (see discussion below).

9.4 Quantum Confinement Theory of Interlayer Exchange Coupling

The purpose of this section is to present as simply as possible the mechanism of
interlayer exchange coupling in terms of quantum interferences as a result of electron
confinement in the spacer layer. The emphasis here will be on physical concepts rather
than on mathematical rigor. This discussion is based on that given in Ref. [74].
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9.4.1 Elementary Discussion of Quantum Confinement

For the sake of clarity, we shall first consider an extremely simplified model, namely
the one-dimensional quantum well, which nevertheless contains the essential physics
involved in the problem. We shall then progressively refine the model to make it more
realistic.

The model consists in a one-dimensional quantum well representing the spacer
layer (of potential V = 0 and width D), sandwiched between two “barriers” A and B
of respective widths Lo and Lg, and respective potentials Vs and Vg. Note that we
use the term “barrier” in a general sense, i. €., V5 and Vi are not necessarily positive,

The barrier widths, La and Lg, can, furthermore, be finite or infinite, without any
restriction.

9.4.1.1 Change of the Density of States as a Result of Quantum Interferences

Let us consider an electron of wavevector k* (with k* > 0) propagating towards the
right in the spacer layer; as this electrons arrives at barrier B, it is partially reflected to
the left, with a (complex) amplitude rg = |rg|e'®®. The reflected wave of wavevector
k~ is in turn reflected from barrier A with an amplitude r4 = |rale'?A, an so on.
(For the one-dimensional model, of course, k= = —k™; this property will, however,
generally not be true for three-dimensional systems to be studied below.) The module
{ra)| of the reflection coefficient expresses the magnitude of the reflected wave,
whereas the argument ¢4 () represents the phase shift resulting from the reflection
(note that the latter is not absolutely determined and depends on the choice of the
coordinate origin).

The interferences between the waves as a result of the multiple reflections on
the barriers induce a modification of the density of states in the spacer layer, for
the electronic state under consideration. The phase shift resulting from a complete
round trip in the spacer is

Ap=gD+¢a+¢B (4)
with

g=kt —k” (%)
If the interferences are constructive, i. e., if:

A¢ =2nw (6)

where n is an integer, one has an increase in the density of states; conversely, if the
interferences are destructive, i. e., if

Ap = 2n+ 1) )

one has a reduction in the density of states. Thus, to a first approximation, we expect

the modification of the density of states in the spacer, An(e), to vary with D in the
manner;
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An(e) ~ cos (gD + ¢a + ¢B). (8)

We expect, furthermore, that this effect will proportional to the amplitude of the
reflections at barriers A and B, i.e., to [rarg|; finally, An(e) must be proportional to
the width, D, of the spacer and to the density of states per unit energy and unit width:

2d
;é )]

which includes a factor of 2 for spin degeneracy. We can also include the effect of
higher-order interferences, because of n round trips in the spacer; the phase shift A¢

is then multiplied by n and |rarg| is replaced by [rarg|”. Gathering all the terms, we
obtain:

N

D d
An(e) ~ —
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D Irarsl*cosn (gD + ¢a + ¢B)
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As will appear clearly below, it is more convenient to consider the integrated density
of states:

N(e) E/E n(e’) de'. (1)

-0

The modification AN (¢) of the integrated density of states because of electron con-
finement is:

2 o0 n .
AN(g) = = Im Z (L\:';)_emqb
n=1

— 2 igD
_—;Imln<1—rArBe ) (12)

A simple graphical interpretation of the above expression can be obtained by noting
that Im In(z) = Arg (2), for z complex; thus, AN (¢) is given by the argument, in the
complex plane, of a point located at an angle A¢ = gD + ¢4 + ¢B on a circle of
radius [rarg| centred in Fig. 1. This graphical construction is shown in Fig. 1.

The variation of AN(g) as a function of D is shown in Fig. 2, for different values of
the confinement strength |rarg|. For weak confinement (a), AN (¢) varies with D in
sinusoidal manner. As one the confinement strength is increased (b), the oscillations
are distorded, because of higher-order interferences. Finally, for full confinement (c),
AN (¢) contains jumps that correspond to the appearance of bound states. We note,
however, that the period, A, of the oscillations of AN (¢) does not depend on the
confinement strength, but only on the wavevector g = k*+ — k~,i.e. A = 2 /q.
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Fig. 1. Graphical interpretation of Eq. (12).
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Fig. 2. Variation of AN (¢) as a function of D, for different values of the confinement strength:

(a) Irargl = 0.1, (b) Irarsl = 0.8, (c) Irars} = 1 (full confinement). Note the different scales
along the ordinate axis.

So far, we have implicitely restricted ourselves to positive energy states. Negative
energy states (i. e., of imaginary wavevector) are forbidden in the absence of barriers
A and B, because their amplitude diverges either on the right or on the left, so that
they cannot be normalized. This matter of fact is no longer-true in the presence of
the barriers if V4 (or Vg, or both V4 and V) is negative — the negative energy states,
i. e. varying exponentially in the spacer, can be connected to allowed states of A or B.
To treat these states consistently we simply have to extend the concept of reflection
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coefficient to states of an imaginary wavevector, which is straightforward. One can
check that, with this generalization, Eq. (12) acounts properly for the contribution

of the evanescent states. Physically, this can be interpretated as coupling of A and B
by a tunnel effect [73, 74].

9.4.1.2 Energy Associated with the Quantum Interferences in the Spacer

Let us now study the modification of the energy of the system which results from the
quantum interferences. To conserve the total number of electrons it is convenient
to work within the grand-canonical ensemble, and to consider the thermodynamic
grand-potential, which is given by:

+00 _
_kBT/ In [1+exp <8F 8)] n(e) de
~00 kT

+o0

- N(e) f(e) de. (13)

hade o]

d

[]

At T =0, this reduces to:

P

/EF (e —er) n(e)de

= - /EF N(e)ds (14)

The energy A E associated with the interferences is the contribution to & correspond-
ing to AN(¢):

2 +o0 .
AE =Z1Im f In (1 ~ FATB equ) de. (15)
s —00

9.4.1.3 Three-dimensional Layered System

Generalization of the above discussion to the more realistic case of a three-
dimensional layered system is immediate. Because the system is invariant by trans-
lation parallel to the plane, the in-plane wavevector kj is a2 good quantum number.
Thus, for a given ky, one has an effective one-dimensional problem analogous to
that discussed above. The resulting effect of quantum intereferences is obtained by
summing on k; over the two-dimensional Brillouin zone. The modification of the
integrated density of states per unit area is:

AN(e) = — % Im / d’k; In (1 —rATB ei‘“D) (16)

and the interference energy per unit area is:

1 +oo ~
AE === Im f &K, f@& In(1-rars ¢:0) de ar)

-0
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9.4.1.4 Quantum Size Effect in an Overlayer

A thin overlayer deposited on a substrate is a system of considerable interest. One of
the barriers (say, A) is the vacuum, and barrier B is the substrate itself. The potential
of the vacuum barrier is Vyac = ¢p + W, where W is the the work function; thus it is
perfectly reflecting for occupied states, i. e. |rvac] = 1. The reflection on the substrate
(or coefficent rgyp) can, on the other hand, be total or partial, depending on the band
matching for the state under consideration.

The spectral density of the occupied states in the overlayer can be investigated
experimentally by photoemission spectroscopy; in addition, by using inverse photoe-
mission one can study the unoccupied states. If, furthermore, these techniques are
used in the “angle-resolved” mode, they give information about the spectral density
locally in the k) plane.

For an overlayer of given thickness, the photoemission spectra (either direct or
inverse) contain maxima and minima corresponding, respectively, to the energies
for which the interferences are constructive and destructive. When the confinement
is total, narrow peaks can be observed; these correspond to the quantized confined
states in the overlayer, as was pointed out by Loly and Pendry [75].

Quantum size effects arising because of electron confinement in the photoemis-
sion spectra of overlayers have been observed in a variety of non-magnetic systems
[76-84]. The systems Au(111)/Ag/vacuum and Cu(111)/Ag/vacuum, in particular,
are excellent examples of this phenomenon [81, 83].

9.4.1.5 Paramagnetic Overlayer on a ferromagnetic Substrate —
Spin-polarized Quantum Size Effect

So far our discussion has been concerned with non-magnetic systems exclusively.
Qualitatively new behavior can be expected when some of the layers are ferromag-
netic. An example of particular interest is that of a paramagnetic overlayer on a
ferromagnetic substrate.

In the interior of the overlayer the potential is independent of the spin; the
propagation of electrons is, therefore, described by a wavevector k , which is spin-
independent. The reflection coefficient on the vacuum barrier, ryac, is also spin-
independent. The ferromagnetic substrate, however, constitutes a spin-dependent
potential barrier; thus the substrate reflection coefficients for electrons with a spin
parallel to the majority and minority spin directions of the substrate are, respectively,
rSTub and rg, . It is convenient to define the spin average:

t {
Tsub +rsub

. 1
T'sub 2 (18)
and the spin asymmetry:
t {
Tsub — "sub

A = =,
Tsub ) (19)
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In this case the electron confinement in the overlayer gives rise to a spin-dependent
modulation of the spectral density as the overlayer thickness is changed; the period
of the modulation is the same for both spins, whereas the amplitude and phase are
expected to be spin-dependent.

The quantum size effects in paramagnetic overlayers on a ferromagnetic substrate
have been investigated by several groups [85-98]. The systems studied most are Cu
overlayers on a Co(001) substrate and Ag overlayers on a Fe(001) substrate. Ortega
and Himpsel [86, 87] observed a quantum size effect in the normal-emission photo-
electron spectra of a copper overlayer on a fcc cobalt (001) substrate. They observed
peaks arising as a result of quantum size effects, and an oscillation of the photoemis-
sion intensity in both, the photoemission and in the inverse photoemission spectra.
These quantum size effects manifest themselves also in the form of oscillatory behav-
ior in the photoemission intensity at the Fermi level; because the observed oscillation
period (5.9 atomic layers) is close to the long period of interlayer exchange coupling
oscillations in Co/Cu(001)/Co, it was suggested that the two phenomena should be
related to each other: Ortega and Himpsel also claimed that the observed oscillations
in photoemission are spin-dependent and mostly arise from minority electrons. This
conjecture has been confirmed directly, by Garrison et al. [89] and by Carbone et
al. [90], independently, by means of spin-polarized photoemission. They found that
both the intensity and the spin-polarization have oscillatory behavior with the same
period (5-6 atomic layers) but opposite phases; this indicates that the quantum-size
effect does indeed take place predominantly in the minority-spin band, as proposed
by Ortega and Himpsel [86, 87]. Klsges et al. [96] and Kawakami et al. [98] have re-
cently observed spin-polarized quantum-size effects in a copper overlayer on cobalt
(001) for a non-zero, in-plane wavevector corresponding to the short period oscilla-
tion of interlayer exchange coupling in Co/Cu(001)/Co; they observed short-period
oscillations of the photoemission intensity, in good agrement with the short-period
oscillations of interlayer coupling. This observation provides a further confirmation
of the relationship between quantum-size effects in photoemission and oscillation
of interlayer exchange coupling.

Photoemission studies of quantum size effects have also been performed on other
types of system, e.g. a ferromagnetic overlayer on a non-magnetic substrate, or
systems comprising more layers [99-103].

Photoemission spectroscopy undoubtedly constitutes a method of choice for in-
vestigating quantum-size effects in metallic overlayers; this is because its unique
features enable selectivity in energy, in-plane wavevector, and spin.

Besides photemission, spin-polarized quantum-size effects in paramagnetic over-
layers on a ferromagnetic substrate also cause oscillatory behavior (which depends
on overlayer thickness) of spin-polarized secondary electron emission [104, 105], lin-
ear [106-111], and non-linear [112, 113] magneto-optical Kerr effect, and magnetic
anisotropy [114, 115). These effects usually, however, involve a summation over all
electronic states, and so quantitative analysis of these quantum-size effects may be
fairly complicated.
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9.4.2 Interlayer Exchange Coupling Because of Quantum Interferences

Let us now consider a paramagnetic layer sandwiched between two ferromagnetic
barriers A and B. The reflection coefficients on both sides of the paramagnetic spacer
layer are now spin dependent. A priori the angle, 6, between the magnetizations
of the two ferromagnetic barriers can take any value; for the sake of simplicity,
however, we shall restrict ourselves here to the ferromagnetic (F) (i.e. 6 = 0) and
the antiferromagnetic (AF) (i.e. = r) configurations.

For the ferromagnetic configuration, the energy change per unit area because of
quantum interference is easily obtained from Eq. (17),1.e.:

1 2 +o00
AEp = mlm/dk",/‘_oo [
x[In (1~ rirfes?) +In (1 - rirfeisP))] ae (20)

In this equation the first and the second terms correspond, respectively, to majority-
and minority-spin electrons. The antiferromagnetic conguration is obtained by re-
versing the magnetization of B, i. e. by interchanging rg and ré; thus the correspond-
ing energy per unit area is:

1 5 +00
AEsr = Py Im/d Kk f
-0
X [ln (1 — rlréeiqlb) +1In (1 - rirgeiqlD)] de 21

Thus, the interlayer exchange coupling energy is

1 2 +00
EF—EAF=E§Im/d K f©

—00

(1 — rgrgeiqlD) (1 - r‘irgeiqiD>

x In de (22)
(1 - rgréei‘uf’) <1 - rirgeiq-LD)
which can be simplified to:
1 2 °° gL D
Er — Epxr~— =3 Im [ d7k f(e) AraArg et~ de (23)
—00

in the limit of weak confinement. The above expression for the IEC has a rather
transparent physical interpretation. First, as the integrations on k| over the first two-
dimensional Brillouin zone and on the energy up to the Fermi level show, the IEC
is a sum of contributions from all occupied electronic states. The contribution of a
given electronic state, of energy ¢ and in-plane wavevector kj, consists of the prod-
uct of three factors — the two factors Ars and Arg express the spin-asymmetry of
the confinement, because of the magnetic layers A and B, respectively, whereas the
exponential factor e!9+2 describes the propagation through the spacer and is respon-
sible for the interference (or quantum-size) effect. Thus, this approach establishes
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an explicit and direct link between oscillatory IEC and quantum size effects such as
are observed in photoemission.

9.5 Asymptotic Behavior for Large Spacer Thicknesses

In the limit of large spacer thickness, D, the exponential factor oscillates rapidly
with ¢ and ky, which leads to substantial cancellation of the contributions to the IEC
because of the different electronic states. Because the integration over energy is
abruptly stopped at er, however, states located at the Fermi level give predominant
contributions. Thus the integral on & can be calculated by fixing all other factors to
their value at ¢, and by expanding q; = kI — k| around ef, i.e.:

€ —¢€F
s +2 , 24
qL =~ 4qLiF th; (24)
with:
2 1 1
s T (25)
Vir VYiF UiF
The integration (see Ref. [74] for details) yields:
_ 1 2 ithI: igypD
Er— Esr = 53 Im/d Kk D Arp Arge
xFQm kgT D/hvl5), (26)
where:
X
F()C) = Sinhx. (27)

In the above equations, g r is a vector spanning the complex Fermi surface the
velocity v u; is a combination of the group velocities at the points (ky, T F) and
(ky, k1 ) of the Fermi surface.

Next, the integration on k; is performed by noting that for large spacer thickness
D the only sxgmﬁcant contributions arise from the neighboring critical vectors k| for
which g r is stationary. Around such vectors, g r may be expanded as

(o —r?  (6-K)

o o
Ky Ky

gqiF=4qlp— (28)
where the crossed terms have been canceled by proper choice of the x and y axes;
k¥ and Ky are combinations of the curvature radii of the Fermi surface at (k% I k+“)
and (kj, k1%). ’
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The integral is calculated by using the stationary phase approximation [74], and
one obtains:

hv¥ Ko -
Er —Esr = Im —'L—ArZArge'qJ-D
Za: 2n2D?
xF(2rkgT D/hvT) (29)
where g7, v, Arg, Arg correspond to the critical vector ki, and:
172
ka = ()% (k2) (30)

in Eq. (30), one takes the square root with an argument between 0 and .

This analysis shows that in fine, the only remaining contributions in the limit
of large spacer thickness D arise from the neighborhood of states having in-plane
wavevectors k‘l’f such that the spanning vector of the Fermi surface g, r = kI F—kip
is stationary with respect to k; for ky =k, and the corresponding contribution
oscillates with a wavevector equal to ¢ .. This selection rule was first derived in the
context of the RKKY model [117]; it is illustrated in Fig. 3. There may be several
such stationary spanning vectors and, hence, several oscillatory components; they
are labelled by the index «.

The above selection rule enables prediction of the dependence of the oscillation
period(s) of the interlayer exchange coupling on spacer thickness, merely by inspect-
ing the bulk Fermi surface of the spacer material. In view of an experimental test of
these predictions, noble metal spacer layers seem to be the best suited candidates;
there are several reasons for this choice:

— Fermi surfaces of noble metals are known very accurately from de Haas-van

Alphen and cyclotron resonance experiments [116];

— because only the sp band intersects the Fermi level, the Fermi surface is rather
simple, and does not depart very much from a free-electron Fermi sphere; and
~ samples of very good quality with noble metals as a spacer layer could be prepared.

Fig. 4 shows a cross-section of the Fermi surface of Cu, indicating the stationary
spanning vectors for the (001), (111), and (110) crystalline orientations [117]; the
Fermi surfaces of Ag and Au are qualitatively similar. For the (111) orientation, a
single (long) period is predicted; for the (001) orientation, both a long period and a

Ky

Fig. 3. Sketch showing the wavevector ¢§ giving the
oscillation period of the oscillatory interlayer ex-
change coupling for a non-spherical Fermi surface.
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(002)

(D

Y w
M» 001]

(111)

Fig. 4. Cross-section of the Fermi
surface of Cu along the (110)
plane passing through the origin.
The solid dots indicate the recip-
rocal lattice vectors. The dashed
lines indicate the boundary of the
first Brillouin zone. The horizon-
tal, oblique, and vertical, solid ar-
rows indicate the vectors ¢$ giv-
ing the oscillation period(s) for
the (001), (111), and (110) orien-
tations, respectively.

short period are predicted; for the (110) orientation, four different periods are pre-
dicted (only one stationary spanning vector is seen in Fig. 4, the three others being
located in other cross-sections of the Fermi surface). These theoretical predictions
have been confirmed successfully by numerous experimental observations. In partic-
ular, the coexistence of a long and a short period for the (001) orientation has been
confirmed for Cu [20-22, 98, 122], Ag [23], and Au [17-19]; and the experimental pe-
riods have been found to be in excellent agreement with the theoretical predictions.
Theoretically predicted and experimentally observed oscillation periods in Table 1.

Table 1. Comparison of the theoretical predictions of Ref. [117] with experimental obser-
vations of the dependence of oscillation periods of interlayer exchange coupling on spacer

thickness.
Spacer Theoretical periods System Experimental periods  Ref.
Cu(111) A =45AL Co/Cu/Co(111) A ~S.AL {118]
Co/Cu/Co(111) A=~6.AL [119]
Fe/Cu/Fe(111) A =6.AL [120]
Cu(001) Aj=26AL Co/Cu/Co(001) A =6.AL [121]
Ay =59AL Co/Cu/Co(001) A;=~26AL [20]
Ay =8 AL
Co/Cu/Co(001) A =2 T7AL [22]
Ay =61AL
Fe/Cu/Fe(001) A=TSAL [106]
Ag(001) A;=24AL Fe/Ag/Fe(001) Al ~24AL 23]
Ay =56 AL Ay ~5.6 AL
Au(001) Ay =25AL Fe/Au/Fe(001) A =2.AL [171
Ay =8.6AL Ay =78 AL
Fe/Au/Fe(001) Ay =25AL {18,19]
Ay =86 AL
Au(111) A =48AL Co/Au/Co(111) A=~ 45AL [14]
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In a further attempt to test theoretical predictions of the periods of oscillatory
coupling, several groups [123-125] have undertaken to modify, in a controlled man-
ner, the size of the Fermi surface (and hence, the period of the coupling) by alloying
the spacer noble metal (Cu) with a metal of lower valence (Ni); in both experiments,
the change in oscillation period as a result of alloying has been found to be in good
agreement with the expected change in the Fermi surface.

9.6 Effect of Magnetic Layer Thickness

As already mentioned, the influence of the IEC on the ferromagnetic layer thickness
is contained in the reflection coefficients Ara and Arg. If the ferromagnetic layers
are of finite thickness, reflections usually occur at the two interfaces bounding the
ferromagnetic layers, giving rise to interferences [61] and, hence, to oscillations of
the IEC which depend on ferromagnetic layer-thickness. A more detailed discussion
of this effect is given in Refs. [74, 61]. This behavior was first predicted from calcula-
tions based on a free-electron model [126]. The dependence of the amplitude of the
oscillations of the IEC on ferromagnetic layer-thickness is generally much smaller
than the dependence on spacer thickness, and does not give rise to changes of the
sign of the IEC. Experimentally this effect was confirmed by Bloemen et al. [24] for
Co/Cu/Co(001) and by Back et al. [25] for Fe/Cu/Co(001). It has also been confirmed

theoretically by Nordstrom et al. [127], Lang et al. [128], Drchal et al. [129], and Lee
and Chang [59].

9.7 Effect of Overlayer Thickness

More surprising behavior (at first sight) is the dependence of the IEC on the thick-
ness of an external overlayer. One might naiely believe that layers external to the
basic ferromagnet/spacer/ferromagnet sandwich should not influence the interaction
between the two ferromagnetic layers. This view is incorrect, in particular when the
system is covered by an ultrathin protective overlayer. In these circumstances, the
electrons can to reach the vacuum barrier, which is perfectly reflecting, so that strong
confinement and interference effects occur in the overlayer; this leads to weak but
significant oscillatory variation of the IEC as a function of the overlayer thickness
[62].

This effect, which follows directly from the quantum interference (or quantum
size-effect) mechanism, has been proposed and experimentally confirmed indepen-
dently by de Vries et al. [26] for the Co/Cu/Co(001) system with a Cu(001) overlayer,
by Okuno and Inomata [27] for the Fe/Au/Fe(001) system with an Au(001) overlayer,
and by Bounouh et al. [28] for Co/Aw/Co(0001) with an Au(111) overlayer. In all
this work, the dependence of the observed period(s) of the oscillations on overlayer
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Table 2. Comparison of theoretical predictions of Ref. [62] and experimental observations of
the dependence of the oscillation periods of interlayer exchange coupling overlayer thickness.

Overlayer Theoretical System Experimental Ref.
periods periods

Cu(001) A =26AL Cu/Co/Cu/Co/Cu(001) A =5 AL [26]
Ay =59AL

Au(001) Ap =25AL Au/Fe/Au/Fe/Au(001) A; =26AL [27]
Ay =86 AL Ay ~8.0AL

Au(111) A =48AL Au/Co/Au/Co/An(111) A5 AL [28]

thickness were found to be in good agreement with theoretically predicted values.
This effect has also been confirmed by means of first-principles calculations for the
Co/Cu/Co(001) system with different types of overlayer [130~132]. The dependence
of the oscillation periods on overlayer thickness predicted theoretically are com-
pared with those observed experimentally in Table 2. A more detailed discussion of
this effect can be found in Refs. [62, 130, 132].

9.8 Strength and Phase of Interlayer Exchange Coupling

In contrast with the excellent agreement between theory and experiment obtained
for oscillation periods, the situation for the amplitude and phase of oscillations is
less satisfactory. According to the theory expounded above, the coupling takes the
following form in the limit of large spacer thickness (asymptotic limit):

Aa .
J= ; H2 Sin (GaD + dy) . (31)

Because the coupling constant J has the dimension of energy per unit area, the
parameters A, characterizing the coupling strength of the different components of
the oscillation have the dimensions of energy. By taking typical values of the Fermi
wavevector and velocity, it is easy to see from Eq. (29) that they are typically of the
order of 1 to 10 meV.

Theoretical and experimental values of the oscillation amplitude strengths, A,,
for different systems are compared in Table 3. (Note that different theoretical results
with each other we include in this discussion only calculations pertaining to semi-
infinite magnetic layers.) We observe a variety of rather strong discrepancy between
theory and experiment, and also among various theoretical studies. Although the
agreement seems to be rather good for the Co/Cu(111)/Co system, more experimen-
tal and theoretical data are required to disclose whether the apparent agreement is
conclusive or accidental.
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Table 3. Comparison of theoretical predictions and experimental observations for the depen-
dence of oscillation amplitudes, A, of interlayer exchange coupling on spacer thickness. For

Cu(001) and Au(001) spacers A; and Az correspond, respectively, to the short-period and
long-period oscillations.

System Theory Ref. Experiment Ref.
Co/Cu(111)/Co A=~ 37 meV [133] A= T76meV [20]
' A~ 42 meV [60] A=~ 34meV [137]
A= 25meV [138]
Co/Cu(001)/Co A =~ 42. meV [133] A1 ~ 1.6 meV [20, 21, 122]
Az = 0.13 meV Ay = 14 meV
Ay =~ 72. meV [60]
Az = 0.75 meV
A =~ 35. meV [129]
Az = 3.5meV
Ay = 35. meV [47}
Az = 0.035 meV
Fe/Au(001)/Fe A1 = 12.5 meV {60} A; = 8.1meV [19]
Ay = 6.9 meV Ay = 1.1 meV

9.8.1 Co/Cu(001)/Co

The Co/Cu(001)/Co system has been most investigated theoretically and is consid-
ered to be a model system to test the predictions of theory. The theoretical results
reported in Table 3 correspond to semi-infinite magnetic layers, whereas the experi-
mental data have been obtained for magnetic layers of finite thickness. As discussed
in Section 6 the strength of the coupling varies with magnetic layer thickness, which
can be asource of discrepancy between theoretical and experimental results. Another
possible source of discrepancy arises from unavoidable imperfections (roughness, in-
termixing) of the experimental samples.

Let us first address the short-period oscillatory component (labeled with the sub-
script 1). As discussed in Section 5 above, this component arises from four equiv-
alent in-plane wavevectors ky; located on the T — X high-symmetry line of the
two-dimensional Brillouin zone L74]. Because the majority-spin band structure of
fcc Co well matches that of Cu, [r{ | & 0. For minority-spin fcc Co, on the other hand,
there is a local gap in the band structure of symmetry compatible with the Cu states,
which leads to total reflection, i. ., |r1¢| = 1. Thus, |Arq| & 0.5 [133, 134] and |Arq]
is (almost) independent of Co thickness [129]. The various theoretical values for the
amplitude Aj listed in Table 3 agree rather well with each other, except for that from
Ref. [60] which is almost a factor of 2 larger than the values obtained by other authors
[129, 133, 47]. This discrepancy might be because of an error in the estimation of the
radius of curvature «1, of the Fermi surface, and of the Fermi velocity, v, 1, which are
quite tricky to obtain accurately for k.

Turning now to the comparison between theory and experiment, we notice that the
calculated values of A; are considerably larger than those measured. There might be
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at least two reasons for this discrepancy. The first is the effect of interface roughness,
which generally tends to reduce the amplitude of the coupling oscillations [117];
this effect is particularly pronounced for short-period oscillatory components, as is
indeed confirmed experimentally [22]. The second reason is of intrinsic character
- the theoretical values of Ay given in Table 3 correspond to the asymptotic limit,
whereas the experimental data have been obtained for spacer thicknesses below
15 AL. As is clearly apparent from Fig. 6a of Ref. [129] and from Fig. 13 (bottom)
of Ref. [47], the asymptotic regime is attained only for thicknesses above 20 to
40 AL; below this value the envelope of the oscillations deviates significantly from
D~? behavior, and the apparent amplitude in the range relevant to experiments is
typically a factor of 2 smaller than the asymptotic amplitude. This pre-asymptotic
correction is attributed to the strong energy-dependence of rli [47].

Let us now discuss the long-period oscillatory component. As appears from Table
3,thesituation is quite confusing —not only do the various theoretical results disagree
with each other, but some [133, 60, 47] underestimate the coupling strength compared
with the experimental result [20, 21, 122], a difference which cannot be explained by
the effect of roughness or interdiffusion.

The long-period oscillatory component arises from the center T of the two-
dimensional Brillouin zone. Here again, for the same reason as above, Irz,T | = 0.
The minority-spin reflection coefficient, is on the other hand, considerably smaller
than for the short-period oscillation, and |r2i [ = 0.15 [74], so that [Ary] = 0.05
[74,133]. This very small spin-dependent confinement explains the very small values
of Az obtained by authors who rely on the asymptotic expression, Eq. (29), obtained
from the stationary phase approximation [133, 60, 47]. As seen from Fig. 2 of Ref.
[135] and from Fig. 2 of Ref. [60], however, r2¢ increases very strongly with ky and
full reflection is reached at a distance 0.1 x 7 /a from T; indeed, the low reflectivity
arises only in a narrow window around T'. As discussed in Ref. [136], this gives rise to
a strong preasymptotic correction, and explains why the stationary-phase approxi-
mation yields an underestimated value of Aj;. If, on the other hand, the k; integration
is performed without using the stationary-phase approximation, as in Ref. [129], a
much higher value of A; is obtained,; the latter is larger than the experimental value
[20,21,122] by a factor of 2.5, which seems plausible in view of the effect of roughness
and interdiffusion.

Our knowledge of the phase of the oscillations is much more restricted as this
aspect of the problem has so far attracted little attention, with the notable exception
of the work of Weber et al. [22]. On general grounds, for total reflection (as for
r1), one expects the phase to vary with magnetic layer thickness and/or with the
chemical nature of the magnetic layer; conversely, for weak confinement (as for r2i ),
one expects the phase to be almost invariant [74]. These general trends were, indeed,
confirmed experimentally by Weber et al. [22].
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9.8.2 Fe/Au(001/Fe

Because of the excellent lattice matching between Au and bcc Fe (with rotation
of the cubic axes of the latter by 45°), and the availability of extremely smooth Fe
substrates (whiskers) [18, 19], Fe/Au(001)/Fe is an excellent system for a quantitative
testing of theory.

In contrast with Co/Cu(001) discussed above, for Fe/Au(001) one has total reflec-
tion of minority-spin electrons both at ky; (short-period oscillation) and kj, (long-
period oscillation), and |r¥| is almost independent of k) around these points, as is
clearly apparent from Fig. 1 of Ref. [134]. The associated preasymptotic correction
should, therefore, not be very strong.

Indeed, as is apparent from Table 3, the predicted amplitudes are quite large, both
for the short-period and long-period oscillatory components [60]. These predictions
are fairly well confirmed by state-of-the-art experimental studies [19], although the
predicted amplitude of the long-period component is too large by a factor of 6.

Clearly, even for this almost ideal system, further work is required to achieve
satisfactory quantitative agreement between theory and experiment.

9.9 Concluding Remarks

As has been discussed in detail in this review, there is much experimental evidence
that the mechanism of quantum confinement presented above is actually appropriate
for explaining the phenomenon of oscillatory interlayer exchange coupling. This
mechanism is entirely based upon a picture of independent electrons. This might
seem paradoxical at first sight, because exchange interactions are ultimately a result
of Coulomb interaction between electrons. This independent-electron picture can
in fact be, justified theoretically and is based upon the “magnetic force theorem.”
A thorough discussion of this fundamental (but somewhat technical) aspect of the
problem is given elsewhere [139, 140].

Despite the successes of the quantum confinement mechanism, several questions
remain to be clarified for full understanding of the phenomenon. In particular, the
validity of the asymptotic expression (29) must be assessed more quantitatively than
has been achieved so far; a first attempt at addressing this issue is given in Ref. [136].
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