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a b s t r a c t

Elementary spin excitations (magnons) play a fundamental role in condensed matter
physics, since many phenomena e.g. magnetic ordering, electrical (as well as heat) trans-
port properties, ultrafast magnetization processes, andmost importantly electron/spin dy-
namics can only be understood when these quasi-particles are taken into consideration.
In addition to their fundamental importance, magnons may also be used for information
processing in modern spintronics.

Here the concept of spin excitations in ultrathin itinerant magnets is discussed and re-
viewed. Startingwith a historical introduction, different classes ofmagnons are introduced.
Different theoretical treatments of spin excitations in solids are outlined. Interaction of
spin-polarized electrons with a magnetic surface is discussed. It is shown that, based on
the quantummechanical conservation rules, a magnon can only be excited when a minor-
ity electron is injected into the system. While the magnon creation process is forbidden by
majority electrons, the magnon annihilation process is allowed instead. These fundamen-
tal quantum mechanical selection rules, together with the strong interaction of electrons
withmatter, make the spin-polarized electron spectroscopies as appropriate tools to excite
and probe the elementary spin excitations in low-dimensional magnets e.g ultrathin films
andnanostructures. The focus is put on the experimental results obtained by spin-polarized
electron energy loss spectroscopy and spin-polarized inelastic tunneling spectroscopy. The
magnon dispersion relation, lifetime, group and phase velocity measured using these ap-
proaches in various ultrathin magnets are discussed in detail. The differences and similari-
ties with respect to the bulk excitations are addressed. The role of the temperature, atomic
structure, number of atomic layers, lattice strain, electronic complexes and hybridization at
the interfaces are outlined. A possibility of simultaneous probing of magnons and phonons
in complex low-dimensional ferromagnetic oxide nanostructures is discussed. The influ-
ence of the relativistic spin–orbit coupling on high-energy magnons is addressed. It is
shown how the spin–orbit coupling breaks the energy degeneracy of the magnons excited
in an ultrathin ferromagnet, and how it influences their lifetime, amplitude, group and
phase velocity. A potential application of these new effects in modern spintronics is out-
lined. It is illustrated how one can take advantage of collective nature of magnons and use
these quasi-particles for probing the magnetic exchange interaction at buried interfaces.
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1. Introduction

One of the most profound and fundamental ideas in the quantum theory of condensed matter physics is the idea of
‘‘quasi-particles’’. Usually, the behavior of a complex many-body system is understood in terms of simple models of inter-
acting or noninteracting quasi-particles. For instance, in a piece of metal, where a large number of electrons is placed in a
small volume, the electrons become dressed by the presence of the other electrons in the system and form quasi-particles.
The Coulomb interactions among the electrons can become unimportant. Although these quasi-particles still obey the Fermi
statistics (because they are still fermions), their interaction is weak and can be neglected to the first order. On the other hand
the collective excitations of these strongly interacting electrons can be regarded as bosonic quasi-particles called plasmons.
Most of the properties of a given system can be understood by investigating the behavior of the fermionic and bosonic
quasi-particles of the system.

Magnetism, as another fascinating phenomenon in nature, is also amany-body effect. Although the first scientific discus-
sion onmagnetism goes back to 600 BC, it is noticeable that still the research onmagnetism is one of the pillars of condensed
matter physics. In the quantum formalism, the collectivemodes of spin excitations in amagnetic solid are referred to as spin
waves and their representative quasi-particles are called magnons. The word magnon is chosen in analogy to the quantized
lattice vibrations, named phonons. Similar to phonons, plasmons, excitons, magnons are also bosons. Magnons are essen-
tial to understandmany observed phenomena e.g. magnetic ordering, ultrafast magnetization processes, electrical and heat
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conductivity, current induced magnetization reversal and electron/spin dynamics. Recently, it has been demonstrated that
the coupling between electrons and high-energy magnons is a possible mechanism, which leads to superconductivity in
high-temperature superconductors [1–3]. Besides these core fundamental aspects, magnons are of great importance for
modern spintronics, since they are generated in tunneling magneto resistance (TMR) and spin transfer torque (STT) devices
[4–6] and also in the read and write head of magnetic recording elements [7].

Magnons have entered the picture very early in the history of modern magnetism [8,9], shortly after the time when
Heisenberg explained the origin of the magnetic coupling on the quantum mechanical basis [10,11]. The temperature de-
pendence of spontaneousmagnetization of a ferromagnet has been explained by introducing new type of elementary excita-
tions (magnons). This concept is known as Bloch’s law and could only explain the temperature dependence ofmagnetization
at low temperatures, far below the transition temperature of ferromagnetic to paramagnetic state [8,9].

In the case of magnetic materials with localized moments, it is rather straightforward to imagine the magnons. One may
imagine a ferromagnetic solid composed of magnetic atoms which are ferromagnetically coupled. In the ground state, all
themoments are aligned parallel and give rise to a spontaneousmagnetization. In the excited state, the precessional motion
of each individual atomic moment results in a propagating wave in the ferromagnetic solid. Magnons in antiferromagnets
can also be imagined in analogy to the ones in ferromagnets. Since in 3d ferromagnets like Fe, Co and Ni the magnetism is
governed by conduction electrons, this description cannot provide a similarly straightforward picture for magnons in these
materials. A major controversy developed soon after introducing this new type of quasi-particles. The question of debate
was: ‘‘Are there magnons in itinerant ferromagnets?’’.

The answer of Stoner and Wohlfarth to this question was negative. In fact Stoner and Wohlfarth looked at the problem
from a band-model view, inwhich the properties of a ferromagneticmetal can be described by the single particle excitations
(known as Stoner excitations) [12–14]. Within this picture, the exchange interaction in metals does not allow low energy
magnons to exist. Experimentally, however, the ferromagnetic resonance was already observed [15] and explained by a
phenomenological approach [16,17]. Van Kranendonk and Van Vleck had a different opinion. They pointed out thatmagnons
may exist in metals [18,19]. Based on a quantum theory, Herring and Kittel showed that magnons do exist in itinerant
ferromagnets [20]. Magnons in antiferromagnets could be explained by a similar formalism [21]. The dispersion relation,
which connects the magnons energy E (or eigenfrequency, ω) to their wave vector q, is found to be ε = h̄ω ∝ q2 for
ferromagnets and ε = h̄ω ∝ q for antiferromagnets in the small wave vector regime. Dyson further used this formalism
for a complete description of the thermodynamic properties of ferromagnets based on magnons and their interactions [22].
In addition to the description of the low temperature magnetic order (Bloch’s law), the scattering cross section of magnons
was also addressed. He estimated a spin–spin mean free path being proportional to T−7/2.

The direct experimental evidence of the existence of magnons in ferromagnetic metals was first appeared when the
neutron scattering techniques were established. In fact the theory of Herring and Kittel was proven by the experiments
performed on bulk crystals [23–32].

However, still it was not quite clear how the classical magnons, explained by classical dynamics e.g. by phenomenol-
ogy [16,33–36], can be understood from a microscopic point of view i.e. by looking at the electronic band structure. As it
was pointed out by Stoner at the beginning of the development of the quantum theory of magnetism, the thermodynamic
properties of a ferromagnetic metal, like magnetic phase transition and paramagnetic state above the Curie temperature,
can be attributed to the single spin-flip particle interband transitions.

On this basis, many authors tried to shed light on the relation between the so-called spin wave theory by Herring and
Kittel [20] and the so-called collective electron theory by Stoner [12,13] and Wohlfarth [14]. By starting from a single band
ferromagnetic metal, Edwards [37,38], Callaway [39,40] and Sokoloff [41–43] proposed a way of calculating the magnons
energy in ferromagnetic metals. This theory was further developed for more realistic multi-band systems and could explain
the magnon dispersion relation in itinerant electron ferromagnets [44–53]. In this description the magnons are treated
similar to the excitons (electron–hole pairs) in which the electron and hole have opposite spins. The wavefunction of such
an electron–hole pair is a linear superposition of electron and hole states (spin triplet particle–hole excitations). This theory
is now developed for low-dimensional magnets [54–61].

Since low-dimensional magnets show novel properties, the concept of spin excitations in this class of materials is of fun-
damental interest. For instance, according to the Mermin–Wagner theorem, an ideal two-dimensional spin system with an
isotropic and short-range interaction cannot exhibit any long-range magnetic order at a finite temperature [62]. This theo-
rem is even generalized for a lattice of spins which are coupled to itinerant interacting electrons in one- and two-dimension
[63]. However, in real two-dimensional spin systems, like ferromagnetic monolayers, small magnetic anisotropies or dipo-
lar interactions are sufficient to stabilize a long-range magnetic order [64–66]. It would be of great fundamental interest to
probe the magnon dispersion relation in a real two-dimensional ferromagnetic system, e.g. one atomic layer of a ferromag-
net grown on a surface, and to see how it changes with changing the system’s parameter such as temperature, number of
atomic layers involved, chemical environment, etc. All these key experiments lie in the central understanding of the sys-
tem’s behavior. When the wavelength of magnons approaches the nanometer scale, their excitation energy is governed by
the quantum mechanical exchange interaction. In this case, the excitations are strongly confined in both time and space.
Hence, they cannot be treated similar to the longwavelengthmagnons by the classical dynamics. This implies that a quantum
mechanical description of the system is needed. Moreover, since the translation symmetry in a ferromagnetic monolayer
grown on a surface is broken, onewould expect very interesting dimensionality effects, which are reflected in the properties
of magnons. Hence, the experimental study of such excitations would provide an insightful microscopic view of the system.
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Recently, the dream ofmeasuring elementary spin excitations in low-dimensional spin systems frommagneticmonolay-
ers down to clusters, chains and adatoms has become a reality. This is due to the development of spin-polarized spectroscopy
methods such as high resolution spin-polarized electron energy loss spectroscopy and spin-polarized spin excitation spec-
troscopy.

In this work, the recent studies of elementary spin excitations in ultrathin itinerant magnets are reviewed. The paper is
organized as follows: the concept of spin excitations is discussed in Section 2. The experimental and theoretical approaches
used to investigate the magnons are introduced in Section 4 and Section 5, respectively. The important mechanisms which
lead to magnon excitations are outlined in Section 4.2.3, where an introduction to the spin-polarized electron energy-
loss spectroscopy and tunneling spectroscopy techniques, is provided. The important properties of magnons such as their
excitation energy, dispersion relation and lifetime probed in different systems are discussed in detail in Sections 8–15,
where various examples are provided and discussed. The fundamental mechanisms involved in the excitation mechanism
are presented in Section 6. The possibility of probing magnons and phonons simultaneously is discussed in Section 7. The
results of spin excitations in an ideal model system, a ferromagnetic monolayer are presented in Section 8. The impact
of atomic structure on the magnon dispersion relation is discussed in Section 9. The results of magnon lifetime and their
real space representation are presented in Sections 10 and 11, respectively. The consequences of the relativistic spin–orbit
coupling on the spin excitations are explained in Section 12. The possibility of using magnons for spectroscopy of buried
interfaces is discussed in Section 13. In Section 14 the first experimental attempts to measure the magnons in ultrathin
films with out-of-plane easy axis are discussed. The magnetic excitations probed by inelastic tunneling spectroscopy in
antiferromagnetic γ -Mn films are discussed in Section 15 and are compared to the magnetic excitations in ultrathin Fe and
Co films. Section 16 provides a bridge to the excitations of adatoms and clusters on surfaces. This topic is not fully covered
in the present review. Section 17 provides a summary and a perspective for future works.

2. Basic concepts

2.1. Spin excitations in an exchange coupled spin system

We start with the localized moment picture to describe a magnetic solid. In this description the local magnetic moment
on each atomic site is regarded as a rigid entity (it is referred to as atomic spin). The next step is to introduce amathematical
way of treating such as system. Mathematically, the spin maybe considered as a vectorial object. This oversimplified picture
might be useful for an intuitive thinking. However, it does not reflect its quantummechanical origin. Therefore, in the course
of this review we consider the spin as a quantum mechanical observable. Since it is an extra degree of freedom, it can be
treated by the quantum mechanics algebra.

Similar to all quantum mechanical degrees of freedom, spin has a discrete set of basis states, which are labeled by
quantum numbers. The components of a spin should change sign under time reversal. In the mathematical treatment of the
spin Hamiltonian we use here, the term ‘‘spin’’ is general and can be the representative of any given system e.g. a localized
single electron’s (or hole’s) spin in a semiconductor, the overall spin of several d-electrons in transitionmetals or the atomic
spin. As far as the spin Hamiltonian of these systems has the same form, all these systems shall behave similarly.

2.2. Spin Hamiltonian

In a very general case the Hamiltonian of a spin system including all the possible contributions can be written as:

H = HB + HAn + HEx + HDM + HDip. (1)

HB describes the coupling of the spins to an external magnetic field. HAn describes the system in the presence of
anisotropy. The last three contributions describe the spin–spin interactions in the system and do not exist for the case
of a single spin.HEx is the so-called symmetric exchange term,HDM is the antisymmetric exchange term andHDip describes
the long range dipolar interaction among spins.

2.2.1. Coupling of spin to an external magnetic field
An externalmagnetic field can couple to a spin in free space. The spinHamiltonian describing this coupling can bewritten

as:HB = −gµBS·B, where g is the g-factor,µB is the Bohrmagneton, S represents the spin and B denotes themagnetic field.
This term is commonly referred to as Zeeman term. For an array of noninteracting spins the Hamiltonian maybe written as:

HB = −B ·


i

giµBSi. (2)

The effect of this term is classically equivalent to a torque that puts a classical spin, e.g. the magnetic moment of an
atom or the magnetization of a ferromagnetic object, into precession, if it is not parallel to the direction of the magnetic
field. In a more general case where the microscopic spin–orbit coupling is also important, the scalar constant g has to be
replaced by the g-tensor. Discussion of this topic is out of the scope of the present review. Further informationmay be found
elsewhere [67].
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One can show that the dynamics of a single spin in an external magnetic field can be written in the following form:

dS
dt

= −γ (S × B) , (3)

where, γ = gµB/h̄ is the so-called gyromagnetic ratio.
In fact, if the term introduced in Eq. (2) is the only term in the total Hamiltonian of the system, it brings the spin to a uni-

form precession around the magnetic field with the eigenfrequency ω = γ B. Eq. (3) is the basis of the classical descriptions
of spin dynamics in the presence of a magnetic field. For instance, if a ferromagnetic object with a spontaneous magnetiza-
tion is placed in an externalmagnetic field, one can use Eq. (3) to describe the dynamics. For that S should be simply replaced
by the macro-spin i.e. the total magnetization. In addition to this, a damping term should also be added for a more realistic
description. Such a treatment has been first introduced by Landau and Lifshitz and the corresponding equation is known as
Landau–Lifshitz equation of motion [68]. In Section 4.1.1 we will demonstrate the practical use of this equation in the case
of uniform spin motion that is usually referred to as ferromagnetic resonance (FMR).

2.2.2. Spins in the presence of magnetic anisotropy
To imagine the effect of the anisotropy on the spin one may think of the coupling of the spin to the ‘‘anisotropy field’’.

In fact, presence of the anisotropy in the spin system is in analogy to a field which breaks the symmetry of the system. The
coupling is very similar to what we discussed for the case of coupling of spins to an external magnetic field. If the magnetic
anisotropy is of uniaxial character, the Hamiltonian of the system can be written as:

HAn = −
1
2
K


S · êi

2
. (4)

This Hamiltonian is basically the same as the one introduced by Ising [69] to explain the ferromagnetism of an atomic
chain. Here K is the magnetic anisotropy constant and ê denotes the spin easy axis (anisotropy axis). One may also consider
the higher-order anisotropy terms. However, they become less important in terms of energy and can be neglected. For
instance, if the system has a biaxial anisotropy the spin Hamiltonian will include terms with S4.

2.2.3. Symmetric exchange interaction
The simplest form of the spin Hamiltonian for interacting spins can be written as:

HEx = −


i≠j

JijSi · Sj, (5)

where the parameters Jij represent the exchange coupling constants between spins Si and Sj. For the case of a ferromagnetic
(antiferromagnetic) coupling the exchange parameter is positive (negative). The exchange interaction is not restricted to the
neighboring spins and can be extended beyond the nearest neighbors [9,20,22]. It is apparent that the Hamiltonian, given
above, guarantees rotational symmetry.

In the spin model introduced above, the origin of the exchange interaction does not appear explicitly. In the case of elec-
trons’ spin it originates from the overlap of the electronicwavefunctions. In fact the exchange interaction is a consequence of
the Coulomb interaction between electrons and Pauli exclusion principle and can be derived from the quantummechanics,
considering two interacting electrons with the spin of 1/2 [10,11].

2.2.4. Antisymmetric exchange interaction
In the discussion above, we considered only the bilinear term of two interacting spins. However, in a more general case

the scalar product given in Eq. (5) can be written in the form of


σ ,δ Cσ ,δSi,σ Sj,δ , where σ and δ label the Cartesian com-
ponents of the coupling matrix Cσ ,δ , describing more complex couplings. Any matrix can, in principle, be decomposed into
(i) a multiple of the unit matrix, (ii) a traceless symmetric matrix and (iii) an antisymmetric matrix. The first term gives
rise to the symmetric exchange interaction, presented in Eq. (5). The second term leads to any kind of anisotropic exchange
term. The antisymmetric term (the third term) can be written in the form of a vector product of spins. We define the spin
Hamiltonian of the antisymmetric exchange interaction, known as Dzyaloshinskii–Moriya (DM) interaction, as:

HDM = −


i≠j

Dij · Si × Sj. (6)

Here Dij is the so-called Dzyaloshinskii–Moriya vector. Note that there is also a possibility to have anisotropic exchange
terms. This means that the coupling of spins along different axes are different (Jij,x ≠ Jij,y). Such situations usually happen
when a cubic crystal is tetragonally distorted. For the case of ultrathin films grown on a substrate these situations are rather
common due to the film epitaxy. Based on the symmetry arguments, we classify such kind of interactions as symmetric
exchange interaction.

The symmetric Heisenberg exchange interaction favors a parallel (or antiparallel) alignment of spins while DM inter-
action favors a non-collinear ground state. For a system of interacting electrons one can show that the antisymmetric DM
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interaction is a consequence of the spin–orbit coupling and absence of the inversion symmetry in the system. The DM in-
teraction vanishes for the systems with inversion symmetry. In the case of layered magnetic structures the presence of the
surfaces or interfaces often breaks the inversion symmetry (in addition to the fact that it breaks the translation symmetry)
and therefore leads to the existence of the DM interaction. The spin Hamiltonian discussed in Eq. (6) has first been proposed
in 1957 by Dzyaloshinskii based on symmetry arguments [70]. It has been shown at the same time by Moriya that, in prin-
ciple, this interaction can be analytically derived by considering the relativistic spin–orbit correction in the Hamiltonian of
the electronic system [71]. In the systems with large spin–orbit coupling and in the presence of broken inversion symmetry
DM interaction can lead to very exotic ground states [72–76]. Recently, a correlated band theory of spin and orbital con-
tributions to DM interaction has been reported [77]. This theory allows one to calculate the components of the DM vector
from first principles via the construction of a reliable tight-binding parametrization of the electronic Hamiltonian with the
spin–orbit interaction included.

One can show that this term leads to a linear term in the magnon dispersion relation in the limit of small wave vectors
(see Section 2.3).

2.2.5. Long-range dipolar interaction
A spin can also be coupled to the magnetic stray field created by the other spins located in longer distances. The term

describing this long-range interaction is similar to the term introduced in Eq. (2) in which B is replaced by themagnetic field
induced by the other spins. The dipolar interaction has the form:

HDip = −


ij

(gµB)
2

r3ij


Si · Sj − 3(r̂ij · Si)(r̂ij · Sj)


, (7)

where rij represents the displacement vector of spins Si and Sj, located at ri and rj, respectively. This term is responsible for
the demagnetizing field and ferromagnetic domains in ferromagnets.

2.3. The magnon dispersion relation

The magnon dispersion relation, which connects the energy (or eigenfrequency) to the wave vector, can be obtained
by finding the eigenvalues of the spin Hamiltonian of the system. One may start with the classical dynamics introduced
in Ref. [21]. Another approach is introduced in Refs. [9,22,19]. We do not aim to discuss, in detail, how the equations are
derived. Details may be found in textbooks or in Sec. 7.2.3 of [78] and in Sec. 2 of [79]. For the case of a simple lattice with
only onemagnetic atom in the primitive cell and considering only the symmetric exchange interaction and only the nearest
neighbors, the resulting magnon dispersion relation can be written as:

ε = h̄ω = 2nJS


1 −

1
n


R

cos (q · R)


, (8)

where n is the number of nearest neighbors, S is the magnitude of spin, J is the exchange coupling constant between the
neighbors and R represents the position vector of the respective neighbor.

It is relatively straightforward to imagine that the dimensionality aspects have a large impact on the magnon dispersion
relation. For instance, if the system consists of a few monolayers of a ferromagnetic material, different magnon modes are
expected and eachmodemay have a different contribution to the dispersion relation. The lowest in energymagnonmode is
usually referred to as the ‘‘acoustic mode’’. In the absence of the relativistic effects, when the spin Hamiltonian of the system
includes only the symmetric exchange interaction (Eq. (5)), this magnon mode shall satisfy the Goldstone theorem. This
means that the energy of this mode shall be zero for q = 0. The higher energy magnon modes of the system are usually
refereed to as ‘‘optical modes’’. These modes have a finite energy at q = 0 even in the absence of the relativistic effects.

Since the dispersion relation is one of the main subjects of the present review we will discuss it in various places. No
prediction concerning the magnon lifetime can be made by the Heisenberg spin Hamiltonian given in Eq. (1). Within this
description, magnons shall live forever, which is not certainly true for the case of itinerant electron magnets.

One can show that in the limit of q −→ 0 Eq. (8) can be simplified to:

ε = h̄ω = Dq2 + O

q4


, (9)

where D = JSδ is the so-called spin-wave stiffness constant.
Now let us consider only the DM term, introduced in Eq. (6). In this case one can show that the dispersion relation of this

term considering only the nearest neighbors interactions can be written as [80,81]:

εDM = c sin2 θ

R


D1 · ê


sin (q · R) . (10)

Here c is the chirality rotation index (being +1 for right rotating sense and −1 for the left rotating one), θ denotes the
relative angle between the neighboring spins, D1 is the DM vector of the nearest neighbors, ê denotes the direction of the
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easy axis and R represent the position vector of nearest neighbors. Equation (10) implies that only the components of the
DM vector parallel to the easy axis contribute to the magnon energies. It is apparent that for the limit of q −→ 0 this term
can be approximated by a term which is linear with respect to q.

For a ferromagnetic system in the presence of a large spin–orbit coupling and in the absence of the inversion symmetry
both the symmetric exchange interaction and the antisymmetric DM interaction are active. In this case the resultingmagnon
dispersion relation will include the term introduced in Eq. (8) and also the one introduced in Eq. (10). As a result the disper-
sion relation will be asymmetric with respect to q, meaning that ε(q) ≠ ε(−q). We will come to this point in Section 12.

3. Spin excitations in itinerant-electron ferromagnets

In literature, the quantized spin excitations are referred to asmagnons. Inmany occasions the terms ‘‘magnons’’ and ‘‘spin
waves’’ are interchanged. In our opinion, this is rather misleading, since the nature of spin excitations in itinerant ferromag-
nets is somewhat different from those in the ferromagnetic insulators. In itinerant electron ferromagnets the elementary
spin excitations may be divided into collective and single particle excitations, which we will discuss them in Sections 3.1
and 3.2, respectively.

In low-dimensional itinerant ferromagnets such as thin films grown on a nonmagnetic substrate the situation is even
more complicated. First, the translation symmetry is broken and as a consequence, the momentum of the electronic states
along the direction perpendicular to the surface of the film is not conserved anymore. Second, the electronic states of the
ultrathin ferromagnetic film and the substrate may hybridize. Hence, the spectrum of single particle excitations in mo-
mentum–energy space may be very much different from that of the bulk ferromagnets. This would imply that the magnon
lifetime in ultrathin ferromagnets may also be substantially different from that in the bulk.

We use the term magnon as an elementary quasi-particle which describes the elementary collective spin excitations in
an itinerant electron ferromagnet.

3.1. Collective excitations

As discussed above, in a magnetic solid with any ground state magnetic ordering (ferromagnets, antiferromagnets, fer-
rimagnets, etc.) one may consider the quasi-particles of spin ordering in analogy to the ones of crystal ordering (phonons).
Although in itinerant ferromagnets magnetism is caused by the itinerant electrons [82], onemay consider that the electrons
are partially localized on atomic sites. This allows one to associate a magnetic moment to each atomic site. The wave-like
excitations of these magnetic moments that propagate through the lattice are of collective nature. Similar to other quasi-
particles, the energy of spin waves’ representative quasi-particles is also quantized in units of h̄ω, where ω represents the
eigenfrequency of themagnonwith a given wave vector q. Onemay describe themagnons by a Heisenberg type of Hamilto-
nian as discussed in Section 2.2. In such a description, the interaction of spins is treated in the formof an effective interatomic
exchange parameter which couples the moments. The dispersion relation may be derived by starting with a simple spin
Hamiltonian inwhich the coupling constant is the effective interatomic exchange coupling. Although this picture is not com-
plete, it provides a simple description of the system. Such kinds of approaches are usually referred to as adiabatic methods.

3.2. Single particle Stoner excitations

According to the band theory of magnetism, in a ferromagnetic solid the degeneracy of the electronic bands is lifted [83].
This degeneracy breaking originates from the electron–electron interaction in ferromagnets, which leads to a separation
of the electronic bands for majority and minority electrons. The effect may be described as perturbations of a degenerate
paramagnetic band fromwhich the energy degeneracy is lifted by the ‘‘exchange energy’’. Generally, the exchange splitting
depends on the energy and the wave vector of the electrons. In the case that the Fermi-level lies between the bands derived
from a single degenerate paramagnetic band, the lower energy (majority) states are occupied, while the higher energy
(minority) states are unoccupied. This fact leads to a net spin polarization of the conduction electrons and can explain the
magnetic state of the system. Now it is relatively easy to imagine that the spin-split bands across the Fermi-level can lead
to the possibility of a unique single-particle excitation in the system. For instance an electron can jump from an occupied
majority band and occupy a state in theminority band after undergoing a spin reversal. In such a case a hole of majority spin
character will remain in the majority band. The resulting electron–hole pair which is usually referred to as ‘‘Stoner pair’’
carries a total angular momentum of 1h̄. Since it is created within the momentum–energy space, there is a wave vector and
energy associated with that. The momentum (energy) of such a pair is the momentum (energy) difference of the electron
and hole in the minority and majority bands, respectively (see Fig. 1(a)). Stoner excitations are spread over a large area of
the Brillouin zone, see Fig. 1(b). These excitations have first been introduced by Stoner within the collective electron theory
[12,13] and later by Slater [84]. Van Kranendonk [19] has tried to connect this type of excitations to the collective modes of
the itinerant ferromagnets.

The direct measurement of Stoner excitations has been reported much later when the spin-polarized electron
spectroscopy techniques were developed [85–88]. The substantial development of the theory of spin-polarized electron
scattering which happened at the same time could help for a better understanding of the experiments [89–91]. One of the
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Fig. 1. (a) A schematic representation of Stoner excitations in an itinerant ferromagnet. Amajority electron jumps from an occupied state below the Fermi-
level to an unoccupied state above the Fermi-level, leaving a hole with majority spin behind. (b) Stoner density of states for a bulk metallic ferromagnet
with a non-zero Stoner gap, δ.

key experiments has been performed by Kirschner who has used a spin-polarized beam and a spin-polarized detector to
measure all the possible spin dependent features from a ferromagnetic surface [85]. The reader is referred to Ref. [92] for a
review.

3.3. Single particle versus collective excitations

From a band view of magnetism the magnons may be considered as a coherent superposition of electron–hole pairs in
which the electron and hole have opposite spins. The wavefunction of a magnon is a linear superposition of the wavefunc-
tions of electron and hole states in the system. Consequently, the coupling of magnons to Stoner excitations (single particle
electron–hole pair excitations) is a possiblemechanismwhich can lead to strong damping of magnons. Indeed, it is themain
damping mechanism in itinerant electron ferromagnets and is usually referred to as Landau damping. Note that in ultrathin
ferromagnets the location and the shape of the Stoner continuum depends also on the degree and the type of electronic
hybridizations between the film and substrate. Hence, the situation can be rather complicated [93,94].

3.4. Lifetime of spin excitations

There are different mechanisms which determine the magnons’ lifetime. Here we only briefly discuss the mechanism
which is responsible for the lifetime of highwave vector magnons in itinerant ferromagnets. For highwave vector magnons,
the lifetime is determined by the decay of the collective excitations into the single particle Stoner excitations and hence
it depends strongly on the available Stoner states in the system. As discussed above in low-dimensional systems, such as
magnetic monolayers, the Stoner continuummay be very much different from that of the bulk ferromagnets and hence the
lifetime of magnons in these systems is different. If the hybridization of the electronic states of the magnetic film with the
ones of the substrate is such that a large number of Stoner states are created near the Fermi level, the lifetime ofmagnonswill
be very short. This means that the presence of the nonmagnetic substrate provides an addition decay channel of collective
magnon modes into single particle Stoner excitations. In other words, the energy and the angular momentum of the spin
system is transferred by the conduction electrons of the underlying substrate. This concept has been discussed in detail in
Refs. [93,94] and is attributed to the formation of the interfacial electronic complexes at the interface between the film and
substrate. For example if the substrate features prominent surface states, these states can hybridize very efficiently with the
states of the ferromagnetic film grown on top and form the interfacial electronic complexes. Due to the formation of the
electronic complexes a large number of Stoner states can appear near the Fermi-level. In such systems the magnons excited
in the ferromagnetic film will decay rather quickly. We will come back to this point again when we discuss the magnon
lifetime in ultrathin Co and Fe films (see Section 10). However, there are cases in which the formation of the electronic
complexes is not favored. For these cases it is expected that the magnons in the ferromagnetic film live for a longer time. It
is important to point out that there are other sources for the damping of magnetic excitations. Even in the localizedmoment
ferromagnets the high wave vector excitations are damped. This damping may be imagined as the dephasing of a certain
magnon mode with a given q to all the other possible magnons with different wave vectors [95,96].

Finally, it is important to mention that the damping of magnons does not only involve the transfer of energy but also the
transfer of angular momentum. The angular momentum stored in the spin system shall flow to other subsystems e.g. to the
lattice. When the magnons decay to Stoner excitations, the angular momentum remains still in the spin system. The flow
of both the energy and the angular momentum from the spin system ultimately ends up in the lattice. Consequently, the
lattice experiences a torque. The transfer of the angular momentum from the spin system to the lattice requires a coupling
mechanism which couples the spin to the lattice i.e. the spin–orbit coupling.

For q = 0 the magnon lifetime is governed by the spin–orbit coupling. In this case the phenomenological damping
parameter (known as Gilbert damping) shall explain the damping of the magnons in the system. In some cases, processes
like two-magnon scattering may also be very important. Since here wemainly deal with the high wave vector magnons, we
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do not discuss those kinds of damping mechanisms further. A detailed explanation of those mechanisms and how to treat
the damping of magnons with q = 0 may be found in Ref. [97] and references therein.

4. Experimental techniques

In this section we shall briefly discuss the fundamental mechanisms which lead to magnon excitations in low-
dimensional magnets. We will start with a brief outline of the schemes used for probing spin excitations. The methods are
traditionally divided into two classes. Some are appropriate for probing low-energy excitations and some for high-energy
ones.

4.1. Low-energy excitations

4.1.1. Ferromagnetic resonance
If a ferromagnetic object is placed in an external static magnetic field, all the atomic spins will precess about the direc-

tion of the static magnetic field. This uniform precession of all moments is usually referred to as ferromagnetic resonance
(FMR). The frequency of the uniform precession (the magnon with q = 0) is on the order of a few tens of gigahertz (en-
ergies on the order of micro-electron-volt). The dynamics of such processes is usually discussed using Eq. (3) including a
phenomenological damping term [97].

In an FMR experiment the sample is placed in the microwaves field, and one observes resonant absorption of the mi-
crowaves as soon as the microwaves frequency matches the eigenfrequency of the uniform precession (the magnon mode
with q = 0). The magnetic field component of the microwaves is orthogonal to the applied static magnetic field. In metal-
lic ferromagnets, the penetration of the microwaves field into the sample is not uniform. There is a so-called skin depth
in which the microwaves field can penetrate. Generally, the skin depth depends on the microwaves frequency. At the res-
onance condition, the effective skin depth is only a few tens of nanometers. This leads to the fact that if the thickness of
the sample is much larger than the skin depth, a nonuniform excitation will take place. The resulting FMR spectrum will
contain not only the uniform precession (the magnon with q = 0) but also the magnons with finite wave vectors (between
0 and 10−2 Å−1). Since in the experiment one keeps the microwaves frequency constant, scans the static magnetic field and
measures microwaves absorption, one observes more than a single absorption peak in the measured spectra.

In films of finite thickness, due to confinement effects the perpendicular component of the wave vector is quantized
(qz = nπ/t , where t is the thickness of the film, and n denotes an integer number). Kittel showed that in such a situation
one should see the so-called spin-wave resonancemodeswith odd numbers [98]. Due to the boundary conditions, themodes
with even numbers are not allowed to be excited (because the spins are assumed to be pinned down at the boundaries of the
sample due to the presence of the surface anisotropy). The mode with n = 0 is the well-known uniform FMRmode (q = 0),
wherein all spins precess in phase. The higher order modes are the so-called spin wave resonance modes. Starting with the
equation of motion introduced in Eq. (3) and replacing S with the macro-spin i.e. the magnetization of the sample M, one
can show that in such a situation the dispersion relation of the modes for a ferromagnetic sample in the form of a disk and
neglecting the in-plane magnetic anisotropy terms will be as follows:

ω = E/h̄ = γ

Bres + µ0Meff + Dq2z


, (11)

where Bres is the resonance field, Meff = 2K⊥/M − µ0M denotes the effective out-of-plane anisotropy field (K⊥ is the out-
of-plane uniaxial anisotropy andM is the saturation magnetization of the sample) and D is the spin wave stiffness constant.
Eq. (11) is valid when the applied magnetic field B is applied perpendicular to the film surface, along the z-direction (see
the measurement geometry in the inset of Fig. 2). For a detailed discussion on the ways that the resonance equations are
derived by a classical dynamics the reader is refereed to Refs. [98,34–36,67]. For the resonances qz = nπ/t (t is the film
thickness and n is the mode number). Evidence of such spin wave resonance modes has first been observed by Seavey and
Tannenwald in a 560 nm thick permalloy film [99]. Fig. 2 shows the spin wave resonance modes of the sample measured
by Seavey and Tannenwald. The odd spin wave resonances are clearly visible. A plot of the resonance field versus n2 would
lead to a direct determination of the spin wave stiffness constant D.

The sensitivity of the technique is such that one can detect the signal of a nominal one atomic layer of a ferromagnet. It
can also be integrated into ultrahigh vacuum in order tomeasure the objects in the absence of any protecting layer [67,100].
Recently, the technique is developed for the detection of a single magnetic nano-particle resonance [101]. In addition, FMR
is a powerful tool to investigate the damping mechanism of the uniform mode. The discussion of the damping mechanism
is out of the scope of the present review and hence we will not discuss it further. We refer the reader to Ref. [97].

4.1.2. Brillouin light scattering
Magnonsmay be excitedwithin inelastic scattering of light from thematter. This phenomenon is the basis of the Brillouin

light scattering (BLS) spectroscopy. The first observation of light scattering by magnons was observed by Fleury and co-
workers [102] on FeF2 samples. In the conventional BLS experiments, a constant magnetic field is applied and the frequency
shift of the light is measured after the scattering process [103].
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Fig. 2. Spinwave resonancemodes of a 560 nm thick permalloy filmmeasured by Seavey and Tannenwald [99]. In this experiment the staticmagnetic field
was applied along the film normal as shown in the inset. Due to the boundary conditions only the odd resonance modes are expected to be excited [98].
Source: Adopted from [99].
© 1958, by the American Physical Society.

The interaction mechanism is based on the modulation of the dielectric constant of the medium through the magneto-
optical constants.When a photonwith a certain energy andmomentum is scattered from amagnetic medium amagnon can
be excited by energy andmomentum transfer from the photon. The scattering process of the light which leads to the excita-
tion of magnons can be understood as follows. Due to the magneto-optical effects a phase grating is created in the magnetic
medium by amagnon. This phase grating propagates through themediumwith the phase velocity of themagnon. As a result
when the light is scattered from the phase grating, its frequency is Doppler-shifted by the frequency of themagnon [104]. The
main restriction of the technique is that it only allows themeasurement of low-energy (and low-wave-vector, q < 10−3 Å−1)
magnons. The technique allows the investigation of magnons in low-dimensional magnetic structures [104].

4.1.3. Time-resolved spectroscopies
Methods discussed above allow probing the spin excitations in the frequency domain. In addition to those conventional

methods there are also methods which allow one to probe the excitations in the time domain. In most of these experiments,
the system is first excited and the evolution of the spins is then followed as a function of the time. Depending on the
excitation scheme, one may investigate a desired type of magnons. The excitation may be done by magnetic field pulses,
microwaves or photons. A full description of thosemethod is out of the scope of the present review.We do not aim to discuss
them here, useful information may be found in [105].

4.2. High-energy excitations

4.2.1. Neutron scattering
Inelastic neutron scattering (INS) relies on the interaction of spin 1/2 of an incoming neutron interacting with an elec-

tron’s spin in the solid, via themagnetic dipole interaction,which allows for a simultaneous spin-flip of neutron and electron.
The scattered neutron then carries the information on the energy and momentum of elementary excitations left behind in
the solid. The magnetic interaction between a neutron and an electron’s spin that generates the spin-flip is local, but the
excitation created in the scattering process can of course be delocalized being characterized by the wave vector q and the
energy ε transferred from the neutron to the magnetic quasi-particles in the system.

Since the interaction of neutrons with matter is relatively weak, this technique does not allow probing magnons in low-
dimensional magnets.

4.2.2. Resonant inelastic X-ray scattering
Similar to INS, onemay imagine amagnetic scattering using X-ray photons. Since a photon carries an angularmomentum

of 1h̄, which can in principle be transferred to the spin-system, it can create elementary spin excitations. However, the direct
interaction between the photon and the spin via the magnetic part of the electromagnetic field is extremely small. This fact
prevents a simple experimental implementation of this idea. However, one may take advantage of resonant process of pho-
ton absorption. In resonant inelastic X-ray scattering (RIXS) one scatters X-ray photons inelastically from the sample and
measures the energy, momentum, and polarization change of the scattered photon. The changes in energy, momentum, and
polarization of the photon are transferred to intrinsic excitations of the material under study. RIXS takes the advantage of
resonant process in which the energy of the incident photon is chosen such that it coincides with, and hence resonates with,
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Fig. 3. A schematic representation of the possible processes taking place in the scattering of spin-polarized electrons from amagnetic surface. An electron
with a given spin state |σ ⟩ = |↓⟩ (left) or |σ ⟩ = |↑⟩ (right) is incident to the sample. The spin state of the scattered electron can be either |σ ⟩ = |↓⟩ or
|↑⟩. Processes marked as (a) and (d) are referred to as ‘‘flip’’ processes, since the spin state of the scattered electron is opposite to the one of the primary
electron. Processes in which the spin of the scattered electron is the same as the one of the incoming electron are referred to as ‘‘non-flip’’ processes
((b), (c), (e) and (f)). Processes (c) and (f) are usually called as direct processes whereas the other processes are called as exchange processes.

one of the atomic X-ray transitions of the system. The resonance can largely enhance the inelastic scattering cross section,
sometimes by orders ofmagnitude, and offers a uniqueway to probemagnetic excitations on a selective atomic site in a crys-
tal [106]. Since in RIXS process the core electrons are involved, one takes the advantage of large spin–orbit coupling of core
electrons. In the so-called indirect RIXS process, an electron from a core level is promoted to a valance state by absorption of
the X-ray photon. In the intermediate state the core–hole with a spin of 1/2 experiences a very strong spin–orbit coupling
and if the core–hole orbital is of p character and thus has an angular momentum of 1h̄, the core–hole can exchange part of
its angular momentum with its spin momentum, thereby flipping the spin of the core–hole. The promoted electron cannot
anymore decay into this core–hole since it does not have the right spin. The core hole can only be annihilated by an electron
of opposite spin to the promoted electron. This fact leads to the creation of a magnon with a total angular momentum of 1h̄.

It has been proven that this technique can be applied to complex bulk samples, mainly magnetic oxides [106]. However,
at the time of this reviewwe are unaware of any investigation of low-dimensional systems. Only very recently the magnons
in superlattices of La2CuO4 have been reported [107].

4.2.3. Spin-polarized electron energy loss spectroscopy
Spin-polarized high resolution electron energy loss spectroscopy (SPHREELS or simply SPEELS) is based on the scattering

of spin-polarized electrons from a magnetic surface, in which the elementary excitations are excited. It is often assumed
that the basic concepts of SPEELS are similar to the ones of INS. In fact the fundamental basis of these two techniques are
different. In SPEELS experiments the exchange mechanism plays an important role while in INS experiments the type of the
interaction that is important is the dipolar interaction between the neutron’s magnetic moment with themagnetic moment
of the unit cell.

In the following we will discuss how does the exchange mechanism during the scattering process lead to magnon
excitations within the SPEELS experiments.

A. Spin-dependent electron scattering
Before we discuss the contributions to the inelastic scattering of the spin-polarized electrons, let us define the spin

direction of the incoming and outgoing electron beam. It is defined with respect to the majority and minority spins of the
sample (or with respect to the quantization axis, which is usually defined as the direction of the sample magnetization).
When the spin of the electron is parallel to the spin of the majority electrons of the sample, it is called spin-up electron
and when it is parallel to the spin of the minority electrons, it is called spin-down electron. The inelastic scattering of spin-
polarized electrons is a rather complicated topic. A complete description of the mechanisms involved in such processes is
out of the scope of the present review. An extended discussion can be found in Refs. [108,92]. If an electronwith a given spin
is incident onto a ferromagnetic surface at a certain geometry, the outgoing electron has either the spin orientation parallel
or antiparallel to the one of the incoming electron. Although in the former case an exchange of the electrons with the same
spin is possible, in the latter case one can clearly talk about the exchange process. This means that the incident electron
occupies an unoccupied state above the Fermi-level and another electron from an occupied state below the Fermi-level is
scattered out. The possible processes involved in the scattering of the spin-polarized electrons from a magnetic surface are
schematically illustrated in Fig. 3 for incidence of spin-down (|σ ⟩ = |↓⟩, left) and spin-up (|σ ⟩ = |↑⟩, right) electrons.
The processes in which the incident and scattered electrons have the same spin character are usually referred to as ‘‘non-
flip’’ processes and the ones in which the spin of the scattered electron is opposite to the one of the incident electron are
called ‘‘flip’’ processes. It is essential to notice that no direct spin reversal is involved in the processes mentioned above.
The underlying mechanism is the exchange process. The flip process describes the process in which an incident electron
with a given spin direction is exchanged with an electron from the sample with opposite spin orientation (for an extended
discussion see for example [78]).



58 K. Zakeri / Physics Reports 545 (2014) 47–93

Fig. 4. A schematic representation of the SPEELS spectrometer used for studying spin excitations. A spin-polarized electron beam is generated by
photoemission from the GaAs spin source using a circularly polarized laser beamwith the wavelength of λ = 830 nm. The spin-polarized electron beam is
focused on the sample surface after passing through a pre- and a 180◦-monochromator. The scattered electrons are collected by a chaneltron after energy
analysis. Inset shows the propagation direction of magnons with respect to the parallel momentum of the incoming (Ki∥) and outgoing (Kf ∥) electron beam
and the sample magnetizationM.

B. Experimental details
As mentioned above, SPEELS is based on the scattering of spin-polarized electrons from amagnetic surface [109,85,110–

114]. Spin-polarized electrons are created by using spin-polarized photoemission from a GaAs photocathode. A circularly
polarized laser beam is incident into the photocathode. According to the selection rules, the spin of the photo-emitted elec-
trons is either parallel or antiparallel to the incident direction of the laser beam, depending on the helicity of the incoming
photon. Since a normal GaAs provides only a total polarization of 50% (based on the spin dependent photoemission selec-
tion rules), usually a so-called strained semiconductor heterostructure is used for this purpose. Taking the advantage of
heteroepitaxy one can grow a semiconductor heterostructure with a large lattice strain. The large strain modifies the band
structure so that a large spin polarization (as large as 90%) can be achieved [115]. The spin-polarized electrons aremonochro-
matized and are focused onto the sample surface. The spin of the incoming electrons is either parallel or antiparallel to the
spin of the majority electrons of the sample. The former types of electrons are usually called spin-down and the latter ones
are called spin-up electrons. The scattered electrons are collected by a channeltron at a given scattering geometry and their
energy is analyzed [113]. Note that no spin-resolved detection is involved in this experiment (see Fig. 4). The experiment is
usually performed for both spin polarizations of the incoming electron beam.

In Fig. 5, the scattering geometry is schematically sketched. If one assumes that the energy and momentum in initial and
final states before and after scattering are Ei, Ki and Ef , Kf , respectively, the energy ε = h̄ω and the wave vector q of the
excitations can be given by the following expressions:

ε = h̄ω = Ef − Ei; q = −∆K∥ = Ki sin θ − Kf sin(θ0 − θ). (12)
In addition to the conservation of energy and momentum, the total angular momentum has to also be conserved. Hence,

magnon excitations are allowedonlywhen spin-downelectrons are incident. As a result themagnonpeak appears only in the
spin-down SPEELS spectra. Magnon excitations are forbidden when spin-up electrons are incident onto the sample surface.

4.2.4. Spin-polarized inelastic tunneling spectroscopy
Magnons can also be excited within the tunneling process in scanning tunneling spectroscopy experiments [116–119].

Basically, the mechanism is similar to the one in SPEELS experiments. The tunneling electrons interact with the ones of the
sample, andwhen they have enough kinetic energy to create an excitation, the tunneling current is enhanced. The excitation
process leads to a step in the differential conductivity that is dI/dU and consequently a peak in d2I/dU2. The main differ-
ence here is that the excitation may happen in the forward and backward tunneling directions. This means that the peaks
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Fig. 5. A schematic representation of the scattering geometry used in SPEELS experiments. A monochromatic beam with a well-defined energy and
momentum is scattered from the sample surface at a given geometry and the energy distribution of the scattered beam is measured for both spin
orientations of the incoming beam.

associated with the excitations shall be observed in both positive and negative bias voltages (the bias voltage is the voltage
applied between the scanning tunneling microscope (STM) tip and the sample). The process which leads to the creation
of a magnon in the forward tunneling process is schematically sketched in Fig. 6. If the tunneling electron is of minority
character and during this process is exchanged with an electron of majority character, a magnon is created. In the backward
tunneling (tunneling of electrons from the sample to the tip) if amajority electron of the sample is injected into the tip states
a magnon is created.

Generally, the excitations seen in the tunneling spectra can be of magnetic or nonmagnetic nature. By using a magnetic
tip and changing themagnetization direction of the tip, onemay confirm that the excitations are ofmagnetic origin. Another
way would be to apply an external magnetic field and investigate the evolution of the excitation energy as a function of the
magnetic field (the shift of the energy due to the Zeeman term). The main disadvantage of this technique is that the control
of the tip magnetization is usually difficult. The tunneling current is almost perpendicular to the sample surface and the
tunneling process takes place on a very small area (atomic length scales). This fact leads to the creation of local excitations,
which can be described as a superposition of the magnons with many different wave vectors. Unlike SPEELS, the technique
cannot be used to excitemagnons in awave vector selectivemanner. However, when themagnons of different wave vectors
are confined in a film or nanostructure, standing waves are formed due to the confinement effects. Only then one would
be able to assign different peaks observed in the tunneling spectra to those confined magnons and their wave vector to the
corresponding quantized wave vector of the standing waves [116–119]. For the investigation of magnons in ultrathin films,
usually the tunneling spectra are recorded on films (or terraces) of different thicknesses. The observed peaks in the spectra
are associatedwith the standingwaves confined in the z-direction (perpendicular to the surface). In this case thewave vector
is given by qz = nπ/t , where n = 0, 1, . . . is an integer number and t is the film thickness. The capability of measuring the
magnetic excitations of adatoms and clusters on a surface is a unique possibility of this method [120,119,121–123].

5. Theoretical approaches

5.1. Adiabatic approach

The most common theoretical approach of treating the magnons is the so-called adiabatic approach [124–127,50,128–
137,80,138–142]. In this approach, first the atomic magnetic moments are regarded as rigid entities which are coupled by

Fig. 6. The spin dependent tunneling process which leads to the excitation of amagnon in forward tunneling. The tunneling electron of minority character
tunnels to the Fermi sea. If during this process it is exchanged with an electron of majority character, a magnon will be created.
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an effective Heisenberg type of exchange coupling. The Hamiltonian of such a system is given by an effective Heisenberg
Hamiltonian. This approach is based on the assumption that the precession of the magnetization is much slower than the
characteristic times of electronicmotions (the site-to-site hopping rate and the precession of an electron under the exchange
field). This assumption is fairly valid when the magnon energy is small (the limit of small energy and momentum).

Frozen magnon approximation
In the so-called frozen magnon approximation, one computes the energy E(q) of a spin-spiral configuration, which sim-

ulates a magnon with a certain momentum q [128,129]. Such a calculation can be done by using the Bloch theorem for the
spin-spiral [143]. In this formalism one assumes that the ground state is collinear with the magnetization pointing along a
certain direction. The excited state of the system is a spin-spiral in which the direction of a given atomic moment i is de-
termined by two angles. The polar angle θi is the angle between the moment and the direction of the ground state and can
be associated with the amplitude of the magnon. The azimuthal angle φi determines the phase of the moment in its preces-
sional motion and is determined by q, φi = q · di, where di stands for the position of the ith atomic site. One estimates the
magnon energy ε(q) as the difference between the energy of the configuration of moments forming a magnon, E({θi} , q),
and the ground state energy E0 as:

ε(q) =
2
∆M

[E({θi} , q)− E0] , (13)

where ∆M =


i(1 − cos θi)µi, µi being the magnetic moment of the atom at site i. The normalization ensures that each
magnon changes the system magnetization by 2µB. E({θi} , q) can be calculated using the spin-spiral technique [143].

Magnetic force theorem
Another alternative is using the so-called magnetic force theorem [137]. One calculates the energy change of the system

associatedwith the constrain rotation of themoment of different atoms. Generally, this leads to a difficult task of calculating
the electronic structure of a non-collinear system. For the small rotation angles between the moments one can show that
the change in the energy is proportional to the second order of the change in the moment direction:

εTot.(δuR) =


R,R′

AR,R′δuR · δuR′ , (14)

where δuR represents the change in the direction of the moment from the ground state. The above equation can be written
in terms of an effective Heisenberg Hamiltonian:

Heff = −


R,R′

JR,R′ êR · êR′ . (15)

The exchange parameters can be calculated by expressing Eq. (14) in terms of changes in single-particle eigenvalues
due to non-selfconsistent changes of the effective one-electron potential accompanying the infinitesimal rotations of the
quantization axis. The resulting exchange parameters will be given by:

JR,R′ =
1
π

ℑ

 Ef

−∞


ΩR


ΩR′

Bxc(r)G↑


r, r′; E + i0


Bxc(r′)G↓


r, r′; E + i0


dEdrdr′. (16)

In the above equation Ef stands for the Fermi energy,ΩR (ΩR′ ) represents the Wigner–Seitz cell around the atom on site
R (R′), Bxc is the so-called exchange–correlation field and is defined as:

Bxc(r) =
1
2


V↓(r)− V↑(r)


, (17)

where V↓(r) and V↑(r) are the local spin density approximation potentials and G↓


r, r′; E + i0


and G↑


r, r′; E + i0


are

the single-electron retarded Green functions of the same potentials. The exchange parameters calculated by Eq. (16) do not
contain contributions due to constraining magnetic fields needed to keep a frozen non-collinear spin structure a station-
ary state of the Kohn–Sham equation. These contributions can be neglected in systems with large local magnetic moments.
Once the exchange parameters are calculated, Eq. (15) can be easily employed to calculate the magnon energy [124]. For
ferromagnetic crystals with one atom in the primitive cell, themagnon energy ε(q) is related to the lattice Fourier transform
J(q) of the exchange parameters:

ε(q) =
4
M


R

J0,R [1 − exp(iq · R)] . (18)

Atomistic spin dynamics simulations
Once the exchange parameters are known one can calculate all the desired dynamical properties. In the computational

scheme called atomistic spin dynamics simulations one uses the first-principles exchange parameters to compute the
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dynamical structure factor. This quantity, which is usually probed in INS experiments, is calculated by a Fourier transform of
the space- and time-displaced correlation function. The magnon dispersion relation can be constructed by finding the peak
position of the dynamical structure factor computed for different q [140–142].

Static transverse susceptibility technique
In the so-called static transverse susceptibility technique, one applies a spiral external field in the form of Bx

R′+T + iBy
R′+T =

|BR′ | exp(iq · T) to one moment, instead of prescribing a frozen-magnon configuration for the moments [136]. Here T is the
translation vector. The field is constant on a given moment and forms a spin-spiral in the whole system. The static suscep-
tibility χ⊥

R,R′ can then be evaluated as:

Mx
R + iMy

R = χ⊥

R,R′ |BR′ |. (19)

Since the induced magnetic moments caused by the field are calculated selfconsistently, this method also applies to
materials with small exchange fields. The magnon dispersion relation is obtained by finding the peak position of the static
susceptibility calculated for different q.

In the adiabatic approach the Stoner excitations are neglected, therefore, no prediction regarding the magnons lifetime
can be made. However, the method provides a reasonable account of the magnons energy.

5.2. Dynamical susceptibility approach

As the adiabatic calculations, based on DFT, do not involve adjustable parameters, in this respect, they are useful for
description of the magnons energy in the limit of small energy and momentum and provide reasonably good results. Note
that for the calculations based on Eq. (18) one has to restrict the sum over a finite number of neighbors. Since in metals the
exchange integrals oscillate as a function of distance and decay as power laws, in the first approximation, the series that
determines the magnon energy or magnon stiffness constant D is very slowly convergent. Thus, even in the limit of small
energy andmomentum, where the adiabatic approximation is supposed to be exact, another approximation has to bemade.
The adiabatic calculations do not provide information regarding the magnon lifetime, since the Stoner excitations are not
taken into account. In addition to that, in the limit of high energy high momentum the presence of the Stoner continuum
can also cause a renormalization of the magnons energy.

Using a single band ferromagnetic metal, one may calculate the magnons energy. This approach has been first proposed
by Edwards [37,38], Callaway [39,40] and Sokoloff [41–43] and later on it has been further developed for more realistic
multi-band systems [44–53]. In this description the magnons are treated similar to the excitons. The wavefunction of such
an electron–hole pair is a linear superposition of electron and hole states.

The proper way of calculating both energy and the lifetime of excitations is to calculate the wave vector and energy
dependent transverse dynamical magnetic susceptibility χ(ω, q). In this approach since both the collective magnons and
Stoner excitations are taken into account, both energy and lifetime of excitations can be calculated. The poles of the dynam-
ical susceptibility are associated with the magnon in the energy space. The real part of the pole position gives the energy of
the magnon with a given q and the inverse of the imaginary part can be regarded as the magnon lifetime:

χ(ω, q) =
A(q)

ω − ε(q)/h̄ + i△(q)
, (20)

where A(q) is directly related to the amplitude of themagnonwavefunction, ε(q) is themagnon energy and△(q) represents
the inverse of the lifetime. The imaginary part of such a function has the form of Lorentzian lineshape in which the peak
position describes the magnon energy and the linewidth is the inverse of the lifetime:

ℑχ(ω, q) =
A(q)△(q)

[ω − ε(q)/h̄]2 + △
2(q)

. (21)

Generally, for calculatingχ(ω, q) one requires to solve aDyson equation. The solution of thismaster equation in a general
form can be written as:

χ(ω, q) =
χ0(ω, q)

1 − Zχ0(ω, q)
. (22)

The terms χ0(ω, q) and Z in Eq. (22) are defined differently depending on the technical scheme used for calculating
χ(ω, q). χ0(ω, q) represent the single-electron (or noninteracting) susceptibility and Z describes the electron correlations
in the system. Obviously, for Z = 0 (no correlation) one immediately realizes that the poles of χ(ω, q) are the poles of
χ0(ω, q). These solutions shall describe the single-particle Stoner excitations of the system. It is apparent that Eq. (22) has
singularities when the denominator is zero. These solutions describe the collective excitations of the system and can be
regarded as spin waves.

Practically, there are three major technical schemes to compute χ(ω, q): (i) Empirical tight-binding theory (ETBT),
(ii) Many-body perturbation theory (MBPT) and (iii) Linear response time-dependent density functional theory (LRTDFT). In
the following we shall provide a short description of these schemes.
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Empirical tight-binding theory (ETBT)
In the ETBT scheme one starts with a general tight-binding Hamiltonian including all the necessary orbitals [29,46,144,

91,49,54,56,55,145,57,58]. χ(ω, q) can be defined in terms of the time Fourier transform of the two-particle retarded Green
function G(ω, q):

χ(ll′;ω, q) =


µν


µ′ν′

Fµν(q)Gµν,µ′ν′(ll′;ω, q)Fµ′ν′(−q), (23)

where Fµν(q) is a magnetic form factor and is given by ⟨iµ| exp(−iq · r)|iν⟩ and l represents the index of the atomic plane.
G(ω, q)may be written in terms of noninteracting retarded Green function G0(ω, q) via the Dyson equation:

G(ω, q) =
G0(ω, q)

1 − UG0(ω, q)
, (24)

where U describes the effective electron–electron interactions. G0(ω, q) is directly related to the one-electron retarded g
and advanced g− Green functions:

G0, µν,µ′ν′(ll′;ω, q) =
1
N


k


dω′f (ω′)[ℑg↑

l′ν′ lµ(q, ω
′)g↓

lνl′µ′(q + k, ω′
+ ω)

+ ℑg↓

lνl′µ′(q + k, ω′)g−↓

l′ν′ lµ(k, ω
′
− ω)]. (25)

Here N is the number of sites in layer l, k is the electron momentum (small letter means that it is a continuous variable)
and f (ω) is the Fermi distribution function. For calculating χ(ω, q) one first needs to calculate g and g−. It is apparent
from a comparison of Eqs. (22) and (24) that G0(ω, q) can be used to calculate χ0(ω, q), which in this scheme is commonly
called as noninteracting susceptibility. For detailed information on technical implementation of this technique the reader
is referred to Refs. [49,54]. This approach is applicable to low-dimensional magnets and has been used to describe the
magnons in ultrathin films [91,49,54,56,55,145,57,146,147,58,148,149]. The main disadvantage of this scheme is that one
has to start with reliable tight-binding parameters in order to have a direct comparison to the experiment. In many cases
such parameters are not easily available and one has to perform electronic structure calculations.

Many-body perturbation theory (MBPT)
In the MBPT scheme, one calculates the dynamical susceptibility in a perturbative manner [150,151]. The dynamical

susceptibility is given by:

χ ij(1, 2) = −i⟨T [ψ̂ i(r1, t1), ψ̂ j(r2, t2)]⟩, (26)

where T represents the time-ordering operator and ψ̂ i(r1, t1) are the spin density operators with i ∈ {x, y, z,−,+} (−
and + represent the spin annihilation and creation operators, respectively).

The expectation value of ψ̂ i(r1, t1)with respect to themany-body ground state |0⟩ can be given in terms of single particle
Green’s function G and Pauli spin matrices σ as:

⟨ψ̂ i(r1, t1)⟩ = −i

α,β

σ i
β,αGα,β(r1, t1; r1, t

+

1 ). (27)

The superscript + indicates that the time variable is increased by an infinitesimal value ensuring a proper time ordering.
The dynamical susceptibility can be calculated by the functional derivative with respect to the magnetic field:

χ ij
=
δψ̂ i(r1, t1)
δBj(r2, t2)

. (28)

Green’s function represented in Eq. (27) can be written in terms of a Dyson equation similar to the one in Eq. (24). This
leads to the fact that the dynamical susceptibility can be written in terms of a noninteracting part and also a part which
includes the electron–electron interactions in solid. In the scattering experiments e.g. INS and SPEELS the imaginary part
of the susceptibility in energy (frequency) and momentum space ℑχ(ω, q) is probed. For a direct comparison to the ex-
periment, one should calculate the Fourier transformation of χ ij. Şaşıoğlu et al. proposed a computational scheme based on
the T -matrix approximation [53,152]. For decreasing the numerical costs they proposed a Wannier function approach. The
numerical results for bulk ferromagnetic transition metals are in good agreement with the experimental data reported by
neutron scattering experiments. This scheme is very suitable for the systems in which the electron correlations are strong.
However, due to complexities of this scheme, its implementation to low-dimensional magnets is not done so far.

Linear response time-dependent density functional theory (LRTDFT)
In the LRTDFT scheme one takes advantage of the parameter-free description of the system when it is subjected to a dy-

namic magnetic field [153–157,126,50,158,159]. For that one needs to compute the susceptibility χ ij(x, x′, ω) in two steps.
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In the first step the so-called Kohn–Sham susceptibility χ ij
0 (x, x

′, ω) is calculated by using:

χ
ij
0 (x, x

′, ω) =


k,m

σ i
αβσ

j
γ δ(fk − fm)

ψk(xα)∗ψm(xβ)ψm(x′γ )∗ψk(x′δ)

ω + (ϵk − ϵm)+ i0+
, (29)

where xα indicate the spacial and spin degree of freedom,ψj(x) and ϵj denote the Kohn–Sham eigenstates and eigenvalues,
respectively. σ 0

αβ is the density operator and σ i represent the Pauli spin matrices. fj(ϵj) is the Fermi–Dirac distribution
function. The 0+ ensures that one deals with retarded quantities.

In the second step one computes the susceptibility, selfconsistently:

χ ij(x, x′, ω) = χ
ij
0 (x, x

′, ω)+

3
k,l=0

 
dx1dx2χ ik

0 (x, x1, ω)

K kl
xc(x1, x2, ω)+

2δk0δl0
|x1 − x2|


χ ij(x2, x′, ω), (30)

where δij ≡ σ 0
αβ corresponds to the density operator and K ij

xc is the so-called exchange–correlation kernel and is defined
as the functional derivative of exchange–correlation potential with respect to the density. As in many cases of many-body
problems the exact exchange–correlation potential is not known and one has to start with an approximation. For instance
in adiabatic local density approximation it is approximated by the frequency independent part of the local spin density
approximation exchange–correlation potential. One can show that in the case of a collinear ground state the induced trans-
verse magnetization due to a transverse magnetic field results in an additional effective transverse exchange–correlation
field. This means that magnons and non-spin-flip excitations are decoupled and hence one can separate the Dyson equation
of the transverse magnetic susceptibility from the longitudinal one and also the charge response. Practically, it is sufficient
to consider only the transverse components (xx and xy) of the magnetic susceptibility to calculate the magnons in collinear
systems. For a direct comparison to the experimental results obtained by scattering techniques e.g. INS, ITS and SPEELS, one
should calculate the Fourier transformation of χ ij(x, x′, ω). The computational implementation of this scheme for calculat-
ing the magnon properties in ultrathin ferromagnetic films grown on nonmagnetic substrates is recently done by Buczek
et al. [160,59,161,162,93,94].

As it is mentioned above, within the ETBT scheme the term describing the correlations in the system (the term Z in
Eq. (22)) is not easily accessible. Lounis et al. suggested a way of solving this problem by using TDFT for calculating this
term [60,61]. The scheme is similar to ETBT but is based on TDFT and thereby on the ab initio selfconsistent electronic struc-
ture calculation of the system. One can show that Z can be calculated based only on the Kohn–Sham susceptibility and the
ground state magnetization [61]. This approach takes the advantage of Korringa–Kohn–Rostoker (KKR) Green functions.
Although some simplifications are done with respect to the standard KKR methods, such as considering only d-states and
neglecting the energy dependence of the wavefunctions, the agreement of the results with the experiment is rather good.
The main advantage of this scheme is that it can be used to calculate the dynamical response of adatoms and clusters on
surfaces as probed by ITS experiments [60,61,122].

6. Probing magnons by spin-polarized electrons

For the study of spin excitations in low-dimensional ferromagnets, initially an atomically clean sample has to be obtained.
Such surfaces can be prepared by means of conventional thin film growth techniques under ultrahigh vacuum conditions.
Usually, prior to the SPEELSmeasurements the films aremagnetically saturated along the easymagnetization axis by apply-
ing a static magnetic field. Themeasurements are performed in the remanent state. As mentioned in Section 4.2.3, magnons
carry a total angular momentum of 1h̄, therefore, they are created by minority electrons (see Fig. 7). Due to thermal fluctua-
tions, a spin system possesses a large variety of magnons at a finite temperature. These are usually referred to as thermally
excited magnons and are spread over a large momentum and energy space, depending on the temperature. The popula-
tion of this class of magnons is given by Bose–Einstein statistics, which determines the statistical distribution of identical
indistinguishable bosonic quasi-particles over the energy states in thermal equilibrium. In principle, the thermally excited
magnons can be annihilated bymajority electrons. Amajority electron can be scattered into aminority one via the exchange
scattering mechanism and hereby a magnon is annihilated (see Fig. 7). In this process, the energy of the electron in the final
state is larger than the one in the initial state, and hence such a process can be observed in the energy gain region. The
intensity of the peak associated with the magnon annihilation process depends on the population of the thermally excited
magnons at the measurement temperature. The ratio between the gain and loss peak is given by a Boltzmann factor, which
is about 0.17 for the magnons with an excitation energy of 46 meV at T = 300 K. It is nearly zero for T = 10 K. This
means that at low temperatures the magnon annihilation process is expected to be suppressed and at high temperatures it
is pronounced. Note that such a behavior is also expected for phonons that are also classified as bosons.

It is important to mention that in principle an electron beamwith any polarization vector (or even an unpolarized beam)
can be used to excite and probe magnons. However, the interpretation of data would not be as straightforward as in the
case where the beam polarization is parallel and antiparallel to the sample magnetization (the quantization axis). We will
discuss in Section 14 how a transversally spin-polarized beam can be used to excite and probe magnons in an ultrathin film
with out-of-plane easy axis.
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Fig. 7. A schematic representation of SPEELS spectra. The magnon excitation (creation) process takes place in the energy loss region when an incoming
electron of minority spin state is scattered into an electron of majority spin state. Themagnon annihilation process taking place in the energy gain region is
accomplished with incident electrons of majority spin state. Inset provides detailed information on themagnon excitation process. An electron of minority
spin state occupies an empty state above the Fermi level and an electron of majority spin character leaves the sample from a state below the Fermi level.

Fig. 8. SPEELS spectra measured at ∆K∥ = 0.5 Å−1 on an ultrathin Fe(110)/W(110) film with a thickness of 2 ML at (a) 300 K and (b) 10 K. The upper
panels show the spin up (I↑), spin down (I↓) and the sum (I↑ + I↓) spectra. The lower panels show the difference (I↓ − I↑) and asymmetry (I↓ − I↑/I↓ + I↑)
spectra. The magnon creation and annihilation processes are schematically sketched in the insets.
Source: Reprinted figure with permission from Zakeri and Kirschner [78].
© 2013, by Springer.

An example of the experimental data is provided in Fig. 8 where the SPEELS spectra measured at different temperatures
are presented. The spectra are recorded on a 2 monolayer (ML) thick Fe(110) film grown on W(110) at a wave vector of
0.5 Å−1. The magnon propagation direction in this particular experiment is along the [001]-direction of the Fe(110) surface
(Γ̄ –H̄ direction of the surface Brillouin zone). For each case the spectra for spin-up (I↑) and spin-down (I↓) electrons aremea-
sured. In addition, the sum (I↓ + I↑), difference (I↓ − I↑), and asymmetry [(I↓ − I↑)/(I↓ + I↑)] spectra are also presented. Let us
first start with Fig. 8(a). It is apparent that the spectra are dominated by the presence of the quasi-elastic peak at E = 0meV.
The magnon creation and annihilation peaks are located beside the quasi-elastic peak in the energy loss and gain region,
respectively. These two processes are sketched schematically in the insets of Fig. 8(a). The asymmetry curve shows a change
in the sign fromnegative to positive, when going from gain to loss region. Themaxima (in the loss region) and theminima (in
the gain region) are the placeswhere the excitation and annihilation processes take place. If one neglects the spin–orbit cou-
pling effects in the system the maxima andminima should be located at the same energies (one negative and the other pos-
itive). As it was mentioned earlier, at low temperature where the population of the thermally excited magnons is very low,
themagnon annihilation peak is supposed to be strongly suppressed. This fact can be clearly seen in Fig. 8(b), where themea-
surements at 10 K, performed on the same sample, are presented. No trace ofmagnon annihilation could be detected neither
in the difference nor in the asymmetry spectrum. In order to obtain the magnon dispersion relation, usually the spectra are
recorded for different wave vectors [163–168,78]. The desiredwave vector is achieved by changing the scattering geometry.
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Fig. 9. SPEELS spectra measured on the Fe(001)–O(1×1) surface at T = 300 K and∆K∥ = 0.3 Å−1 . The upper panel shows the spin up (I↑), spin down (I↓)
and the sum (I↑ + I↓) spectra. The lower panel shows the difference (I↓ − I↑) and asymmetry (I↓ − I↑/I↓ + I↑) spectra. The vertical yellow lines mark the
position of the peaks resulting from the magnon excitation (energy loss) and annihilation (energy gain) processes.
Source: Reprinted figure with permission from Zhang et al. [169].
© 2011, by the American Physical Society.

7. Simultaneous probing of magnons and phonons

In principle, both magnons and phonons can be excited by electrons. Since both kinds of excitations may take place in
the same energywindow, it is rather difficult to distinguish between them experimentally. However, it has been shown that
using the spin degree of freedom of spin-polarized electrons opens a possibility to separate magnons from phonons [169].
Asmagnons carry a total angularmomentum of 1h̄, they can only be excited by the incidence of minority electrons. The time
reversal process happens for the incidence of majority electrons, which leads to the magnon annihilation. This fact would
lead to a sign change in the asymmetry curve in gain and loss regions (see the lower panel of Fig. 8(a)).

In the case of phonons, the situation is different. Since phonons are spin-independent quasi-particles, they can be created
and annihilated by the incidence of electrons with any spin direction. Note that the process which leads to phonon creation
can also be mediated by the exchange process (the exchange of the electrons with the same spin, see the discussion in
Section 4.2.3). The particular dependence of magnon creation and annihilation on the spin of the incident electrons, as it
is different from phonon excitations, is a fundamental feature, which can be used to distinguish between magnons and
phonons in spin-polarized electron scattering experiments. The best way to identify the nature of an excited quasi-particle
(magnon or phonon), is to compare the sign of the asymmetry curve in loss and gain regions. An example is provided in
Fig. 9, where the spectra of an oxygen passivated Fe(001) film, measured at T = 300 K and ∆K∥ = 0.3 Å−1, are presented.
The magnon and phonon excitations coincide within the same energy window. Interestingly, the intensity of all excitations
depends on the spin orientation of the incoming beam. As it is discussed above, the identification of phonons and magnons
can be done by looking at their different spin nature. The asymmetry of loss and gain regions of the peaks marked by the
vertical yellow lines in Fig. 9 (at energies of ±19 meV) changes the sign, and hence the peaks are associated with magnon
excitations. The asymmetry of the other excitations has the same sign and almost identical magnitudes; therefore, they are
caused by phonon excitations. It is interesting to mention that in the case of the O/Fe(001)–p(1×1) surface the asymmetry
of the phonon induced peaks is always negative. A complementary experiment showed that the asymmetry of the phonon
peaks follows the one of the quasi-elastic peak [169].

In order to clarify the origin of the observed spin asymmetry of the phonons, the spin-resolved intensities for elastically
and inelastically scattered electrons have been measured as a function of the incident electron energy. The results of those
measurements are summarized in Fig. 10. The intensity of the scattered beam is measured for the electrons with the
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Fig. 10. (a) Intensity of scattered electrons as a function of the energy of the primary beammeasured in the specular geometry and for elastically (Eloss = 0,
upper panel) and inelastically (Eloss = 53 meV, lower panel) scattered electrons. The angle of incidence was 45◦ and the data are recorded for incoming
electrons of spin-up (I↑) and spin-down (I↓) character. (b) The asymmetry curves [(I↓ − I↑)/(I↓ + I↑)] for the elastically and inelastically scattered electrons
measured at the specular geometry and for different angles: 45◦ , 55◦ and 65◦ .
Source: Reprinted figure with permission from Zhang et al. [169].
© 2011, by the American Physical Society.

energy loss of zero (Eloss = 0 meV i.e. the elastically scattered electrons) and also for the electrons with an energy loss
of Eloss = 53 meV, equal to a phonon energy (the inelastically scattered electrons). The intensity profiles are presented
in Fig. 10(a). It has been observed that the intensities of elastic and inelastic electrons are very similar, except for the fact
that the intensity of the inelastically scattered electrons is smaller by two orders of magnitude. Hence, the resulting spin
asymmetry for both elastically and inelastically scattered electrons is exactly the same (see the upper panel of Fig. 10(b)).
The asymmetry depends strongly on the energy of the incident electrons. It may even change the sign while changing the
electrons energy. The intensity profiles of both elastically and inelastically scattered electrons depend on the scattering
geometry i.e. scattering angle. Therefore, one would expect that the asymmetry curve should also depend on the scattering
angle. This has been verified by performing the same experiment at different scattering angles. As it is apparent from the two
lower panels of Fig. 10, the shape of the asymmetry curve is different for different scattering angles. However, the asymmetry
curve of the inelastic beam follows exactly the one of the elastic beam. This experiment as a solid experimental evidence
demonstrates that the origin of the observed asymmetry for both elastically and inelastically scattered electrons is the same.

It is well-known that the spin asymmetry of the elastically scattered electrons is caused by the exchange scattering, as
the dipolar scattering does not involve the electron’s spin. In this case the exchange scattering only involves the electrons
with the same spin orientation (incoming and outgoing electrons have the same spin character, see the discussion in Sec-
tion 4.2.3). Otherwise, it would lead to a change of the energy of the electron (as the incident electron must occupy an
unoccupied state above the Fermi level, the one with the opposite spin shall leave the system from a state below the Fermi
level, and this leads to an energy difference between the initial and final states). Since the asymmetry curve of the inelastic
excitation at 53meV is almost identical to the one of the elastically scattered electrons, independent of the scattering geom-
etry, therefore, the physical origin of the observed large spin asymmetry for both the elastic and inelastic intensities is very
likely the same. The origin of the asymmetry is mainly the exchange scattering of electrons of the same spin character. In
other words, the similarity of the spin asymmetry for the elastic and inelastic scattering strongly suggests that the inelastic
peak at 53 meV is also of the non-spin-flip nature and the observed large asymmetry of this peak is due to the exchange of
the electrons with the same spin.

The dispersion relation of magnons and phonons could be measured simultaneously by repeating the experiment for
different wave vectors and the dispersion branches could be separated based on their different spin nature. A careful fitting
of the spectra using a superposition of Gaussian profiles revealed five excitation branches in both energy loss and energy gain
regions. Here, the choice of Gaussian is done for simplicity. It provides a rather good estimation of the excitation energies.
Note that in order to properly estimate the linewidth broadening, associated with the finite lifetime effects, one should fit
the spectrawith a convolution of Lorentzian andGaussian profiles inwhich the Lorentzian represents the intrinsic excitation
peak and the Gaussian represents the instrumental broadening (see Section 10 for an extended discussion). Fig. 11 shows
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Fig. 11. Dispersion relation of all elementary excitations probed on the Fe(001)–O(1 × 1) surface. The color map represents the theoretically calculated
phonon spectral density projected on the oxygen layer (left) and the topmost Fe layer (right). Open symbols denote the phonon branches numbered by 1,
2, 4 and 5; filled symbol denotes the magnon branch and is numbered by 3. Letters ‘‘x’’ and ‘‘z’’ near each phonon band denote displacement directions of
the corresponding phonon modes.
Source: Reprinted figure with permission from Zhang et al. [169].
© 2011, by the American Physical Society.

the dispersion relation of magnons and all different kinds of phonons measured on the O/Fe(001)–p(1 × 1) surface. One
clearly observes four different phonon modes and one magnon mode. Phonon branches are represented by open symbols,
while the magnon branch is shown by filled symbols. The magnon branch disperses from 16 to about 40 meV as the wave
vector increases from 0.2 to 0.7 Å−1. Magnon excitation peaks become very broad at high wave vectors. This broadening
can be explained by the strong decay of magnons in itinerant electron systems. We will discuss this point in Section 10.

ab initio calculations in the framework of the direct calculations of the force matrix [170] can account for a more precise
description of the observed phonon modes in the system. The results of the calculations are shown in Fig. 11. Based on
the theoretical calculations, the mode numerated as ‘‘5’’ with the lowest energy originates from the acoustical z-polarized
transversal oscillations of atoms located at the topmost Fe and O layers. It is the so-called Rayleigh mode of the surface,
which has been also observed in the He-atom scattering experiments [171]. The next phonon mode ‘‘4’’ shown in Fig. 11
with upward-oriented triangles is also localized in the two topmost layers. In the Fe layermode ‘‘4’’ is a longitudinal acoustic
phononwith x polarization, while in the oxygen layer it is transversal with z polarization. Phononmode ‘‘2’’, plotted by open
squares in Fig. 11, is a z-polarized surface resonance of the phonons of the Fe slab. Finally, the two high-energy branches
at 50 meV are associated with the optical z-transversal and x-longitudinal phonons localized mostly on the oxygen sites. In
the experiment, however, only one branch is observed (branch ‘‘1’’). The anharmonicity of oxygen vibrations, which couples
the x- and z-polarized modes might be a reason for such discrepancy between the theory and experiment. The mode shown
by filled symbols is a magnon mode.

8. Magnons in a ferromagnetic monolayer

One of themost fundamental aspects in the field of spin excitations in low-dimensionalmagnets is themagnon spectrum
in a real two-dimensional spin system e.g. a ferromagnetic monolayer grown on a nonmagnetic substrate. Here, the
fundamental questions are: if themagnons in real two-dimensional ferromagnets do exist, is it possible to see their signature
of excitations in SPEELS spectra? How does the magnon dispersion relation look like in a ferromagnetic monolayer grown
on a nonmagnetic substrate?

In order to address these questions SPEELS experiments have been performed on a prototype ferromagnetic monolayer;
one atomic layer Fe(110) grown onW(110) [172]. Since the Curie temperature of the Femonolayer onW(110) is below room
temperature (Tc ≃ 223 K [173]), the spectra have been recorded at low temperatures. It has been observed that in the Fe
monolayer the magnon excitations occur at very low energies. In addition to that the spectra are very broad. The measured
magnon dispersion relation is presented in Fig. 12. For a better comparison the results of the surface mode of a thicker Fe
film (with a thickness of 24 atomic layers) grown on the same substrate are also presented. Fig. 12 which provides a direct
comparison between the results of the monolayer Fe and the surface mode of Fe(110), reveals that the magnon energies in
the Fe monolayer are very small. Experimental results on magnon dispersion relation measured at 10 K showed that the
magnon energies are slightly higher (about 10 meV) with respect to the ones measured at 120 K. This observation indicates
the effect of the temperature on magnon energies.

As it is mentioned in Section 2.2 the nature of spin excitations in itinerant ferromagnets is rather complicated and the
Heisenberg description of magnons would not lead to an appropriate description of the system. However, one may put the
interaction in a form of an effective exchange coupling, in order to estimate the strength of the coupling in the system.
Taking this simple approach, one can then derive an equation for themagnon dispersion relation as discussed in Section 2.3.
Fitting the experimental results with the calculated magnon dispersion relation within this model, results in a very small
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Fig. 12. The magnon dispersion relation of 1 ML Fe on W(110) measured at 120 K along the Γ̄ –H̄ direction of the surface Brillouin zone (see the inset).
The dispersion relation of the acoustic surface mode of a 24 ML thick sample is also shown.
Source: Data are taken from [172]. The results are compared to the one of the bulk Fe [30].
© 2009, by the American Physical Society.

effective exchange interaction (Jeff = 11 meV) and an effective magnetic anisotropy of Keff = 2.3 ± 1.3 meV. These
results are in reasonable agreement with the earlier theoretical [80] and experimental works obtained using static magnetic
measurements [174]. Magnons in the Fe monolayer are much softer than the lowest-energy (acoustic) surface mode of
Fe(110). Fitting the experimental results with the well-known parabolic dispersion (Eq. (9)) leads to a determination of the
magnon stiffness constant, D. It is found that D for the monolayer system is by a factor of 2.2 smaller than the one obtained
for the Fe(110) surface (DML = 74 meV Å2 and Dsurf. = 160 meV Å2). It is only about one-fourth of the value measured for
bulk Fe by INS [175,32,176].

Comparison to the theory

The magnon dispersion relation in the Fe monolayer on W(110) has been calculated by means of different theoretical
approaches [54–56,80,57,148,58,149,161,140]. Fig. 13 provides a comparison among the results of calculations obtained by
different groups. The calculations by Muniz et al. [54] and Costa et al. [148,149] are based on ETBT, the results obtained by
Buczek et al. [161] are based on LRTDFT and the results by Udvardi and Szunyogh [81] are based on an adiabatic approach.
The difference between Refs. [54,148] and Ref. [149] is that in the latter case the TB parameters are obtained directly from
real-space linear muffin-tin orbital atomic sphere approximation calculations and by KKR-based electronic-structure calcu-
lations. The agreement between the theory and the experiment is much better in the second case. It seems that the results
depend sensitively on the parameters used as the starting point of the calculations. In the LRTDFT based calculations the im-
plementation of the linear responseDFT has been performedwithin the KKRGreen’s functionmethod [161,93]. Similar to the
results obtained by ETBT [54,148,149], these calculations also suggest a strongmagnon damping in this system [161,94]. The
results have been compared to the ones of a free-standing Fe film. It has been suggested that the presence of theW substrate
leads to a strong renormalization of the magnons energy, in addition to the fact that it causes the strong damping [161].

The magnon softening in the Fe monolayer may have different origins. The first one might be the temperature effect.
Since the experimental results are obtained at 120 K, which is half of the Curie temperature of the system, this may cause
the softening of themagnons. The second origin might be the strong hybridization of the filmwith the substrate and change
in the electronic structure of the film caused by the W(110) substrate. The third origin might be the influence of the DM
interaction, which has been shown that is very important for the Fe films grown onW(110). Wewill come back to this point
in Section 12.

The experimental data are satisfactorily reproduced by combining the first principles calculations with the so-called
atomistic spin dynamics simulations [140]. This approach enables one to investigate the effect of temperature on the
magnon properties. The authors could confirm that the temperature effects and the chemical relaxations, which influence
the electronic hybridization of the Fe film and W(110), lead to this magnon softening.

9. Atomic structure and magnon dispersion relation

9.1. Coordination number

In order to investigate the dimensionality effects on magnons, the magnon energy as a function of the film thickness for
Fe(110) films on W(110) has been measured [177]. The results of those investigations are summarized in Fig. 14. In order
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Fig. 13. The magnon dispersion relation of the Fe monolayer on W(110). A comparison among the results of calculations based on different approaches.
The wave vector is along the Γ̄ –H̄ direction of the surface Brillouin zone. The calculations by Muniz et al. [54], Costa et al. [148,149] are based on ETBT, the
results obtained by Buczek et al. [161] are based on LRTDFT and the results by Udvardi and Szunyogh [81] are based on an adiabatic approach. The difference
between Refs. [54,148] and Ref. [149] is that in the latter case the TB parameters are obtained directly from real-space linear muffin-tin orbital atomic
sphere approximation calculations and by KKR-based electronic-structure calculations. The results by Bergman et al. [140] are based on a combination of
DFT calculations and spin dynamics simulations at T = 120 K. Except the results of Ref. [140] all the other calculations are for T = 0 K. The experimental
results represented by solid circles are recorded at T = 120 K [172].
Source: The data taken from Refs. [54,81,140,148,149,161,172].

to have a better comparison of the energies, recorded for different wave vectors, the energies are normalized to the wave
vector. It is apparent from Fig. 14 that themagnon energy increases by a factor of 2.2 while changing the film thickness from
1 to 2 atomic layers. To explain these results one may use simple arguments based on an adiabatic approximation. Consider
one atomic layer of Fe pseudomorphically grown on W(110). In such a case the exchange coupling is confined in the plane
of the film. Due to a lower coordination number one would expect lower magnon energies for the ferromagnetic monolayer
with respect to a 2 ML film. The sudden increase of the magnon energy when changing the film thickness from 1 to 2 is a
direct consequence of the increase of the coordination number. In the case of the 2 ML sample the Fe atoms sitting in differ-
ent layers are also strongly coupled. The coupling of Fe atoms within each layer is referred to as intralayer coupling and the
coupling of the atoms from different layers is referred to as interlayer coupling. The calculated effective coupling for a 2 ML
sample shows that the nearest neighbor interlayer coupling is about 27 meV and the nearest neighbor intralayer coupling
is about 20 meV (a detailed information is provided in Section 9.3 and Fig. 16). For these calculations, it is assumed that the
in-plane lattice constant of Fe is the same as the one of the underlying W(110) surface. The out-of-plane lattice constant is
taken from the surface X-ray diffraction experiments [178]. If further increasing the film thickness does not change the film
structure, one would expect the same magnon energy for a 3 ML film as it is predicted by the theory (see Fig. 14). However,
it is known for Fe films onW(110) that the films start to relax when the thickness is larger than 2 ML. The lattice relaxation
has a direct consequence on the magnon energy and is discussed in the next section.

9.2. Lattice relaxation

Taking into account the lattice relaxation one can explain the decrease of the magnon energy for the 3 ML sample. The
magnon energy reaches an asymptotic value for films thicker than 5 ML where the structure is transformed into a bulk like
film.

Another result of the calculations is that the mode seen in the experiment is a surface mode, since the main contribution
to this mode is coming form the surface layer. There are however cases in which the lowest-energy magnon mode (usu-
ally referred to as acoustic mode) originates mainly from the interface layer. This unusual case happens when the effective
exchange coupling in the interface layer is smaller than the one in the surface layer. We will come back to this point in
Section 13.

9.3. Lattice modification

The modern methods of the fabrication of low-dimensional structures allow creating materials of given chemical con-
tent with different atomic structures. For instance by introducing a thin Au buffer layer between the Fe film and theW(110)
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Fig. 14. Normalized magnon energy as a function of the film thickness: experiment and theory. Letters U and S denote the uniform and surface modes,
respectively. In the uniform (surface) mode the amplitude of the moments is assumed to be equal in all atomic layers (maximum in the surface layer). For
all theoretical curves∆K∥ = 0.5 Å−1 .
Source: Reprinted figure with permission from Zhang et al. [177].
© 2010, by the American Physical Society.

substrate one can change the Fe surface structure from bcc-like stacking with (110) surface to fcc-like stacking with (111)
surface orientation [179]. In order to investigate the effect of the lattice modification on the magnon dispersion relation,
the Fe film thickness has been kept unchanged (2 atomic layers) and just its structure is changed by introducing the Au
buffer layer [179]. The magnon dispersion relation measured for both Fe(110)/W(110) and Fe(111)/Au/W(110) is presented
in Fig. 15(a). The results indicate a large difference in the magnon dispersion relation of the two systems. These changes
could be understood on the basis of the first principles calculations in the adiabatic approximation. The change in the Fe
lattice has a direct consequence on the magnetic exchange interaction in the film. Although the interlayer exchange con-
stants increase when changing the lattice structure from simple bcc stacking to the new (111)-close-packed structure, the
intralayer exchange constants decrease. Since the intralayer coupling constants are counted more effectively, the disper-
sion relation of the Fe(111)/Au/W(110) system is lower in energy with respect to the one of the Fe(110)/W(110) system
(the number of nearest neighbors in each layer is 4 while in the neighboring layer is 2). A comparison of the exchange con-
stants for two systems, Fe/W(110) and Fe/Au/W(110), shows that the interlayer and intralayer coupling constants feature
opposite trends (see Fig. 16(a)–(c)). As an example, the largest interlayer coupling constant J⊥ increases from 27 meV in
Fe(110)/W(110) to 69 meV in Fe(111)/Au/W(110) whereas the largest intralayer coupling constant J∥ decreases from 20 to
14 meV for the interface layer, and from 13 to 9 meV for the surface layer. The analysis shows that the softening of the
magnons in Fe(111)/Au/W(110) is the consequence of the decreased intralayer exchange parameters that overcomes the
opposite trend of increasing the exchange parameters between the layers.

Calculations showed that increasing the interlayer distance in the Fe(110)/Au/W(110) structure leads to an expected
decrease of the interlayer exchange parameters (see Fig. 16(a)). This is a consequence of the decrease of the interlayer
hybridization. At the same time, an increase in the intralayer exchange parameters was observed (see Fig. 16(b) and (c)).
Interestingly, this increase takes place for unchanged interatomic distances within the layers. This fact is a consequence of
complex reconstruction of the electronic structure due to the increase of the interlayer distance. While changing the in-
terlayer distance of Fe layers from 1.71 to 2.09 Å, the nearest neighbor intralayer coupling increases by a factor of 1.5 and
2.3 for the atoms in the interface and surface layer, respectively. In order to shed light onto the origin of this effect, one
may carefully analyze the change in the density of states of different atomic orbitals. Fig. 16(d) and (e) show the spin- and
orbital-resolved DOS of 3d electrons calculated for different interlayer distances for Fe(110)/Au/W(110). The projected DOS
of different orbitals are plotted separately. The 3d states responsible for the interlayer hybridization (dxz , dyz , and dz2 ) appear
substantially higher in energy than the states responsible for the intralayer hybridization (dx2−y2 and dxy). With increasing
interlayer distance all states move to lower energies as a consequence of decreasing 3d band width. However, this shift is
more important for dxz , dyz , and dz2 states, since dx2−y2 and dxy are locatedwell below the Fermi level for the smallest value of
the interlayer distance. Increasing the interlayer distance increases the spin-down density of 3d states near the Fermi level.
The appearance of a large number of states near the Fermi energy is an important factor in the enhancement of intralayer
exchange interaction. These results clearly indicate that the magnetic properties of complex systems cannot be understood
without careful microscopic study of the exchange interaction. In addition, the evolution of the electronic structure can-
not be separated into features related to the interlayer and intralayer distances since the influences of both distances are
strongly interconnected [179].
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Fig. 15. (a) The magnon dispersion relation measured on a 2 ML Fe film on 2 ML Au onW(110) and a 2 ML Fe film directly grown onW(110). The symbols
represent the experimental results and the solid lines are the guide to the eyes. (b) Theoretical magnon dispersion relation for the same systems. The
symbols represent the results of the calculations for the relaxed structure. The lines are the results for the Fe/Au/W(110) system calculated for different
values of Fe interlayer spacing, a⊥ . Insets show the surface Brillouin zone.
Source: Reprinted figure with permission from Chuang et al. [179].
© 2012, by the American Physical Society.

10. The magnon lifetime

As discussed in Section 1 one of the key properties of quasi-particles is their lifetime. In this section we shall review
the experimental findings regarding magnons lifetime. These findings may help for a better understanding of the magnetic
dampingmechanism of high-energymagnons in low-dimensional systems and a possibleway of tuningmagnetic relaxation
in ferromagnets. They may also offer a way of estimating the ultimate time scale of magnetic switching in low-dimensional
ferromagnets.

The broadening of the magnon excitation peak provides a way of estimating the magnon lifetime. In the SPEELS exper-
iments one usually analyzes the difference spectra (IDiff = I↓ − I↑). To extract the intrinsic linewidth, the data are fitted by
using a convolution of a Gaussian and a Lorentzian function, in which the Gaussian represents the instrumental broadening
and the Lorentzian represents the intrinsic magnon signal. Doing so one realizes that the intrinsic linewidth of magnon ex-
citations is typically from 20 up to a few hundreds of meV. Note that if the spectra are not spin-resolved one cannot obtain
the difference spectra. In such a case one may analyze the total spectra. Such analysis are performed for an 8 ML Co film
on Cu (001) in Ref. [180]. The linewidth broadening has been found to be very similar to the results obtained based on the
analysis of the difference spectra. As an example, a fit through the data measured on 2ML Fe(110)/W(110) at∆K = 0.6 Å−1

shows that the intrinsic linewidth of the magnon is about 42± 7 meV, while the instrumental broadening is about 20 meV.
The large broadening of the loss spectrum indicates that magnons are strongly damped in time. The magnon lifetime can
be obtained from the Fourier transform of the magnon signal. The Fourier transform of the Lorentzian in energy (or fre-
quency) domain is an exponential decay in the time domain, exp(−tΓ /2h̄), where Γ represents the intrinsic linewidth of
the Lorentzian peak in energy and h̄ is the reduced Planck constant. The lifetime τ = 2h̄/Γ is usually defined as a time in
which the amplitude drops to its e−1 value. Themagnon lifetime obtained using this approach is plotted in Fig. 17 for two sys-
tems; 2 ML Fe(110)/W(110) and 8 ML Co(100)/Cu(100). The lifetime depends strongly on the wave vector. It is about 100 fs
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Fig. 16. Calculated site-resolved interlayer J⊥ (a) and intralayer J∥ exchange constants for the atoms located in the interface layer (b) and in the surface
layer (c). Open and filled symbols represent the calculations for the relaxed and expanded structures, respectively. Spin-resolved DOS of 3d states in
2Fe/2Au/W(110), separated in a part with dxy and dx2−y2 states (d) and a part corresponding to dxz , dyz and dz2 orbitals (e). The solid and dashed lines
represent the results for relaxed and expanded structures, respectively.
Source: Reprinted figure with permission from Chuang et al. [179].
© 2012, by the American Physical Society.

Fig. 17. The magnon lifetime as a function of the in-plane wave vector in a semi-logarithmic plot. The data are for 2 ML body-centered cubic Fe(110)
film grown on W(110) (open squares) and an 8 ML face-centered cubic Co(100) film grown on Cu(100) (open circles). The Brillouin zone boundary for
Fe/W(110) is at 1.5 while for Co/Cu(100) is at 1.23 Å−1 .
Source: Reprinted figure with permission from Zhang et al. [181].
© 2012, by the American Physical Society.

at ∆K∥ = 0.4 Å−1 and decreases to a value of about 10 fs for large wave vectors. Surprisingly, it is found that the lifetime
for these two different systems is very similar in spite to the fact that the magnon energies are by a factor of two different.

Comparing to the spin relaxation of a single atomon the insulating substrate, whose relaxation time is about 10−7 s [182],
the lifetime ofmagnons in thin ferromagnetic films is almost 107 times shorter. Such a short lifetime of high-energymagnons
is attributed to the strong damping due to the presence of the conduction electrons in the metal film and the substrate
[56,57,93]. Since the high-energy magnons are a coherent superposition of the correlated electron–hole pairs across the
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Fermi level, their damping may be regarded as the results of the decay of these collective magnons into the available Stoner
states near the Fermi level. It has been shown that the Stoner excitations in the surface states play an important role in the
decay effect [119,94,122]. If the ferromagnetic film is grown on ametallic substrate, the states of the filmmay hybridizewith
the ones of the substrate. If the hybridization of the electronic states of the film with the ones of the substrate is such that
a large number of Stoner states are formed near the Fermi level, the lifetime of magnons will be very short. In Refs. [93,94]
it has been discussed that the key point to understand the strong damping of magnons in ultrathin magnetic films grown
on a substrate is the formation of the interfacial electronic complexes at the interface. In particular, if the substrate features
surface states, these states can, in principle, hybridize very efficiently with the states of the magnetic film and form the
interfacial electronic complexes. Due to the formation of the electronic complexes, a large number of Stoner states can ap-
pear near the Fermi-level. In such cases the magnons excited in the magnetic film will decay rather quickly. Interestingly,
bothW(110) and Cu(001) possess prominent surface states. The similarity of themagnon lifetime in Fe and Co films, in spite
of the fact that themagnon energy in the Co(100) film is almost twice of that in the Fe(110) film, may indicate that magnons
can experience similar damping effects even though the electronic band structure of two systems are different.

Besides the intrinsic damping effects due to the Stoner excitations, it has been proposed that thermal effectsmay also play
a role in the broadening ofmagnonpeaks [141]. However, experiments performedon a 2ML Fe film at different temperatures
revealed that the temperature dependence of the intrinsic linewidth is negligible (see Fig. 8).

As the total magnetization of the sample is unchanged after creation and damping of a magnon, one cannot directly
connect the magnon lifetime to the ultimate time scale of magnetization switching. However, this relaxation time can be
directly compared to the time interval provided in the excitation scheme. For instance, if the aim is to switch themagnetiza-
tion of a nano-island using a spin-polarized currentwithin a few femtoseconds, the high-energymagnons are governing this
process. Hence, the time interval between electrons injected to the sample has to be shorter than the lifetime of themagnons
involved. Otherwise, the magnons do not contribute to this switching process and die out. The same analogy applies to the
other methods used to switch the magnetization.

A strong spin dependence of the decay rate of the image potential state has been observed in photoemission experiments
and is attributed to themagnon generation and relaxationwithin a few tens of femtoseconds [183]. The observed decay rate
is similar to the relaxation time of the magnons measured by SPEELS.

11. Real space representation of magnons

For a real space representation of the magnons one may use a two-dimensional Fourier transformation of the magnons’
distribution in the reciprocal space. If one measures the magnon intensity spectra for different wave vectors, a contour
map can be constructed by plotting the difference spectra. Such data for a 2 ML Fe(110) film on W(110) are presented in
Fig. 18(a). If one assumes that the scattering geometry does not drastically influence the intensity distribution in far off-
specular, one may estimate the spatial distribution of the magnon wave packets from the intensity profile presented in
Fig. 18(a). For simplicity one may neglect the broadening in wave vectors due to the finite instrumental energy resolution.
This is a rather good assumption, since the instrumental broadening is fairly small compared to the intrinsic linewidth. The
spectral distribution as a function of the wave vector is fitted directly by a single Gaussian distribution. For example, the
profile in Fig. 18(c) shows a full width at half maximum (FWHM) of about 0.32 Å−1.

After a Fourier transform, one obtains again a Gaussian wave packet representing the magnon envelope function with a
full width at halfmaximum (FWHM) of about 2 nm. Now themagnonwave packet can be constructed from the experimental
data. An example is presented in Fig. 18(d), where the magnon wave packet for ∆K = 0.7 Å−1 and ε = 82 meV is plotted.
The wave packet is the product of three components: a moving Gaussian, exp[−(x − vg t)2/2σ 2], representing the motion
of the wave packet (the envelop function), an exponential decay factor exp(−t/τ ) for the evolution of the amplitude in
time, and finally a wave form, cos(∆K∥ · x − ωt), representing its wave nature (ω = ε/h̄ is the angular frequency of the
wave). The velocity of the envelope function vg is the group velocity of the wave packet, which is obtained from the slope
of the dispersion relation, vg = ∂ω/∂∆k∥. σ and τ are the natural broadening of the wave packet in space and lifetime,
respectively, which are obtained from the Fourier transform of the intensity spectra in Fig. 18(a).

To visualize the strong damping effects on high-energy magnons in ultrathin itinerant ferromagnets, one may compare
three states of magnons for 8 ML Co(100)/Cu(100) and 2 ML Fe(110)/W(110). State SFe represents the magnon wave packet
in the Fe(110) film, and states S1Co and S2Co are the states in the Co(100) film. SFe and S1Co share the same wave vector
(∆K = 0.8 Å−1

), while SFe and S2Co have the same energy (ε = 100 meV). Fig. 19 represents the evolution of the magnon
wave packets for all three states mentioned above. The group velocities of the wave packets are about 26, 46 and 41 km/s
for the SFe, S1Co and S2Co states, respectively.

In a classic picture the amplitude of the waves in Fig. 19 can be regarded as the amplitude of the transverse component
of moments projected along a certain direction on the surface e.g. the propagation direction of the wave. It may be also re-
garded as the modulus of the magnon wavefunction. Fig. 19 demonstrates that the high wave vector magnons are strongly
damped within a few tens of femtoseconds and confined in a few nanometers for both Fe and Co. The wave packets only
moved ahead by about 2–3 nm during their lifetime (much shorter than the spin diffusion length in 3d ferromagnets). For
the states from the same system i.e. S1Co and S2Co, the one at higher wave vector (S1Co) has a shorter lifetime than the one
at lower wave vector (S2Co). The wave packet of S1Co propagates a shorter distance than S2Co. These results demonstrate that
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Fig. 18. (a) The difference spectra measured on a 2 ML Fe film onW(110), plotted as a contour map, for the wave vectors from 0 to 1 Å−1 . The line scans at
∆K∥ = 0.7 Å−1 and ε ≃ 82 meV are shown in (b) and (c), respectively. The magnon peak in (b) is fitted by the convolution of a Gaussian and a Lorentzian
function. The intrinsic linewidth of the peak is 55 meV. The intensity profile along the horizontal line at ε ≃ 82 meV in (c) is fitted by a Gaussian profile
shown as the solid blue curve. (d) Themagnonwave packet at∆K∥ = 0.7 Å−1 and ε ≃ 82meV constructed from the experimental data. The amplitudemay
be regarded as the transverse component of a precessing spin projected to the wave propagation direction or the modulus of the magnon wavefunction.
Source: The data are taken from [181].

the decay of a magnon does strongly depend on its wave vector. Interestingly, for the states on different surfaces but with
similar wave vectors i.e. SFe and S1Co, it is noticed that although the SFe has a much lower energy, it exhibits a similar lifetime
and broadening of the wave packet as S1Co. SFe and S2Co have the same energy. The state at higher wave vector (SFe) clearly
shows shorter lifetime as compared to the low wave vector one, S2Co. Regarding the propagation speed, both wave packets
in the Co(100) film are much faster than the ones in the Fe(110) film as they experience a higher group velocity.

12. The effect of spin–orbit coupling on magnons

Spintronics is based on the spin dependent phenomena in solids [184]. In early 60s Rashba has proposed a formalism,
which describes the existence of a spin-split band structure inwurtzite crystals [185]. Later on, Bychkov and Rashba showed
that such a spin splitting can also occur in quantumwells [186]. The physical explanation of this spin splitting phenomenon
is rather straightforward: in a semiconductor quantum well, if the potential well is asymmetric, the electrons move in an
effective electric field E induced by the potential gradient of the quantum well. In the reference frame of the electron this
electric field acts like an effective magnetic field B which causes a splitting in the energy levels of electrons with different
spins. A similar effect is expected for the electrons in the absence of inversion symmetry and in the presence of a large
spin–orbit coupling. The simple picture suggested above does not explain the dependence of the Rashba effect on the
electronic band structure. A discussion on this topic does not fit within the space of this review. For a detailed explanation
of the above phenomenology the reader is referred to Ref. [187]. A spin-split band structure has also been observed on some
metallic surfaces, where the inversion symmetry is broken [188] and could be explained in analogy to the conventional
Rashba effect in semiconductor heterostructures [189–191]. The idea has been further tailored to the surface alloys
composed of heavy elements. The combination of strong spin–orbit interaction of the heavy elements with structural effects
enhances the local potential gradients at the surface and thereby results in a large Rashba splitting [192]. The Rashba effect
has been explored in detail in various systems and even some spintronic devices are proposed based on this effect [193–196].

One of the most interesting phenomena is the effect of the relativistic spin–orbit coupling on magnons as bosonic quasi-
particles. Such an effect has not been explored in detail. It will be discussed in Section 12.1 that the magnon dispersion
relation in the presence of a large spin–orbit coupling and absence of inversion symmetry shows a splitting for different
magnetization directions, similar to the electrons. Section 12.2 is dedicated to the effect of the spin–orbit coupling on the
magnon lifetime.

12.1. The magnon Rashba effect

In order to observe the effect of the spin–orbit coupling on the magnons, the magnon dispersion relation has been mea-
sured for an ultrathin Fe(110) film grown on W(110) with a thickness of 2 ML. The measurements have been performed
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Fig. 19. Evolution of the magnons’ wave packets for the states SFe (0.80 Å−1
, 95 meV) at the Fe surface, S1Co (0.81 Å−1

, 174 meV) and S2Co Co (0.55 Å−1
,

101 meV) at the Co surface. The amplitude may be regarded as the transverse component of a precessing moment projected to the magnon propagation
direction or the modulus of the magnon wavefunction.
Source: Reprinted figure with permission from Zhang et al. [181].
© 2012, by the American Physical Society.

for the magnetization parallel to the [1̄10]- and [11̄0]-direction [197,198]. The results of those measurements are summa-
rized in Fig. 20, demonstrating that the magnon dispersion relation is split into two branches for magnetization along two
opposite directions. The dispersion relation is antisymmetric, meaning that the magnon energies for positive wave vectors
are equal to the ones with negative wave vectors and opposite magnetization direction and vise versa. The conclusion of
these results is that the presence of the relativistic spin–orbit coupling in the absence of time reversal and space inversion
symmetry breaks the degeneracy of the surface magnons and leads to the splitting of the magnon band structure.

The asymmetric dispersion relation can be understood in terms of the antisymmetric Dzyaloshinskii–Moriya interac-
tion, which is a consequence of the spin–orbit coupling and absence of the inversion symmetry [197,81]. As discussed in
Section 2.3, in such cases the Heisenberg spin Hamiltonian, including the DM term (Eq. (6)) may be used to obtain the com-
ponents of the DM vector. Such an analysis has been performed in Ref. [197]. The measured dispersion relation has been
fitted by the dispersion relation obtained based on a spin Hamiltonian which includes both the symmetric and antisymmet-
ric exchange terms (the terms introduced in Eqs. (5) and (6), respectively). The analysis has resulted in the component of
the DM vector along the magnetization |2Dx

1 + D́x
1| = 0.9(3) meV and |Dx

2| = 0.5(3) meV. The superscript x indicates the
component of the DM vector along themagnetization direction and the subscript 1(2) represents the nearest neighbor (next
nearest neighbor) interaction. Dx

1(D́
x
1) is the longitudinal component of the DM vector of the nearest neighbors in the same

atomic plane (in the neighboring atomic plane). A detailed discussion concerning this effect can be found in Ref. [197]. Very
recently the values of the components of the DM vector and the resulting energy asymmetry have been calculated using
ab initio DFT calculations and spin dynamics simulations, respectively [142]. The results are in good agreement with the
experimental values.

The splitting of the magnon band structure shown in Fig. 20 is very similar to the well-known Rashba effect observed for
electrons in two-dimensional electron gas or at metal surfaces [189–191]. Since in this experiment the ultrathin Fe film is
grown on a nonmagnetic substrate with a large spin–orbit coupling, due to the interaction with the substrate the inversion
symmetry is broken. The system is very similar to a two-dimensional electron gas system (or electrons at metal surfaces)
in the presence of the spin–orbit coupling and absence of the space inversion symmetry. Here the lack of both the space
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Fig. 20. (a) The magnon dispersion relation measured on 2 ML Fe/W(110) for two different magnetization directions. (b) The energy splitting, defined as
∆ε(q) = εM∥[1̄10](q)− εM∥[11̄0](q), obtained from (a). The symbols represent the experimental results, while the solid lines represent the fits based on the
extended Heisenberg spin Hamiltonian, including both the symmetric exchange term and the antisymmetric DM term.
Source: Reprinted figure with permission from Zakeri et al. [198].
© 2012, by the American Physical Society.

inversion and the time-reversal symmetry leads to two branches for the dispersion curves. This makes a one to one anal-
ogy to the Rashba type spin splitting of the electronic band structure. Therefore, the effect maybe called as ‘‘magnon Rashba
effect’’ [149]. It is important to mention that in two-dimensional electron gas systems and at the normal metal surfaces the
presence of the time-reversal symmetry requires two branches, one being the mirror image of the other. However, in ferro-
magnets, time-reversal symmetry is broken and there is one branch to the dispersion curve of eachmagnetization direction.

12.2. The effect of spin–orbit coupling on the magnon lifetime

Interestingly, it has been observed that the spin–orbit coupling influences the lifetime of magnons [198]. Measurements
performed on 2 ML Fe/W(110) have shown that the lifetime for a given positive wave vector is not the same as the one
for the negative wave vector. This effect has also been observed in the theoretical calculations based ETBT scheme [149].
To answer the question: How the high-energy magnons may be influenced by the spin–orbit coupling, let us start with an
intuitive picture. In a very naïve picture one may imagine the spin–orbit coupling as a magnetic field that is acting on the
magnons. It acts on the spins and thereby causes an additional damping. The direction of the spin–orbit field, which acts on
the electrons is perpendicular to the electrons’ wave vector. A time reversal would just change the direction of the effective
magnetic field, associated with the spin–orbit coupling, and thereby would invert the asymmetry in the lifetime. As it was
discussed in Section 10, the damping of high-energy magnons is mainly governed by decay into the Stoner states. However,
if the spin–orbit is large, it may cause an additional damping in the system. The spin–orbit induced damping is a well known
dampingmechanism for small wave vector magnons, in particular in the case of the uniform FMRmode (q = 0). As a simple
model for the intrinsic FMR damping, one may imagine the precession of the spin that is coupled to its orbital motion via
the spin–orbit coupling. The orbital motion is perturbed by the lattice simultaneously and hence cannot anymore follow
the same phase and it results in a damping. A similar mechanism may also be expected here, which is superimposed to the
Landau type of damping. In addition, when the electronic bands are perturbed by a large spin–orbit coupling, the inter- and
intra-band transitions become also important. In order to correctly account for the damping of themagnons is such a system
both inter- and intra-band transitions which lead to the decay of magnons need to be considered.

The calculations based the ETBT scheme [149] have shown that the additional linewidth broadening caused by the
spin–orbit coupling is rather small compared to the linewidth caused by the Landau damping. The calculations have been
performed for two cases: with and without spin–orbit coupling. It has been observed that for a given wave vector, the
linewidth of the lower energymagnon branch in the presence of the spin–orbit coupling can be smaller than the linewidth in
the absence of the spin–orbit coupling [149]. This observation is explained based on the argument that the density of Stoner
states increases monotonically with the energy in this region of the spectrum. Thus, the decay into the Stoner excitations
dominates the magnon linewidth, for the magnons with a finite wave vector. In the experiment it is not possible to separate
the contributions caused by the spin–orbit coupling and the ones caused by the Landau damping to themeasured linewidth.
What can be clearly seen in the experiment is that, for a given wave vector, the linewidth of the spectra depends on the
sign of the wave vector i.e. the propagation direction of the magnons. The difference in the linewidth for the two opposite
propagation directions is rather small when is compared to the total broadening of the spectrum (for quantitative values
see the discussion below).
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Fig. 21. A real time and space representation of the magnon wave packets with ε = 46.5 meV. The wave packets start to propagate at t = 0 with the
maximum amplitude at x = 0. The red wave packet propagates along the [001]-direction, and the blue one propagates along the [001̄]-direction. The
vertical gray lines indicate the center of the mass of the wave packets. The difference in the wave packets which are propagating to the left and right is a
direct consequence of the spin–orbit coupling. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
Source: Reprinted figure with permission from Zakeri et al. [198].
© 2012, by the American Physical Society.

To see the relativistic effects on the magnon wave packets, a real space representation of the magnons may be provided
using the procedure explained in Section 11. However, in order to have a very precise comparison of the intensity, the
spectra have to be measured at a fixed scattering geometry and with exactly the same parameters (like incidence energy,
beam current and energy resolution). Since the magnon intensity depends on the scattering’s matrix elements, keeping the
scattering geometry and experimental parameters unchanged, during the experiment, would avoid the effects caused by
geometry on the electron scattering processes and thereby on the magnon intensity. To achieve the negative wave vectors
the sample magnetization can be switched to opposite direction. This would be equivalent to a time inversion experiment.
The experiment has to be designed such that the magnons propagate in the mirror symmetry plane of the magnetization.
This would allow one to measure the magnons with positive and negative wave vectors without changing the scattering
geometry. Such an experiment has been reported in Ref. [198].

It has been shown that for themagnons with an energy of ε = 46.5meV thewave vectors are+0.50 Å−1 and−0.52 Å−1.
The corresponding wavelengths are about 12.6 Å and 12.1 Å, respectively. Note that in the absence of relativistic effects the
absolute values of the wave vectors (wavelengths) for the positive and negative branches shall be exactly the same. The
difference in the absolute value of the wave vectors (wavelengths) is a direct consequence of the spin–orbit coupling. The
real time and space representation of the magnons with the energy of ε = 46.5 meV is presented in Fig. 21 indicating a
very different propagation for the wave packets along different directions. This is a consequence of having different lifetime,
group and phase velocity. The lifetime obtained for positive and negativewave vectors are τ+ ≈ 37±5 fs and τ− ≈ 45±5 fs,
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Fig. 22. A magnonic device based on the magnon Rashba effect. (a) M is pointing outward. In this case a magnon signal can be detected by gate A and no
magnon signal is detected by gate B (A:ON and B:OFF). (b) M is pointing inward. In this case no magnon signal can be detected by gate A but a signal can
be detected by gate B (A:OFF and B:ON).
Source: Reprinted figure with permission from Zakeri et al. [198].
© 2012, by the American Physical Society.

respectively. The group velocity, obtained from the slope of the dispersion curve at the given energy (ε = 46.5 meV) and
wave vectors (q = +0.50 Å−1 and −0.52 Å−1) is different. This is due to the fact that the dispersion relation is asymmetric.
For the wave packet which is propagating along the [001]-direction (the one with q = +0.50 Å−1)vg = 24.4 km/s and for
the one propagating along the [001̄]-direction (the onewith q = −0.52 Å−1) it is about vg = −24.2 km/s. The differences in
the group velocity, lifetime and the amplitude lead to a different propagation behavior for the magnons along two opposite
directions. The phase velocity can be obtained using the simple expression vp = ε/q, which results in vp = 14.4 km/s for
the magnons with an energy of 46.5 meV and q = 0.50 Å−1. It is about −13.4 km/s for the magnons with an energy of 46.5
meV and q = −0.52 Å−1.

It has been suggested that this effectmay inspire ideas for device applications. The simplest devicewhichmaywork based
on these effects may be imagined as follows: one excites the transversal surface magnons (the ones that are propagating
perpendicular to the magnetization) on a magnetic surface. Simultaneously two wave packets will be generated and then
will propagate to opposite directions (see Fig. 22). Let us assume that themagnetization is pointing outward as it is shown in
Fig. 22(a). This implies that the wave packet which is propagating towards gate A possesses a larger amplitude and lifetime,
while the one that is propagating towards gate B will die out quickly. When the magnon wave packet arrives at gate A,
it can be detected. At the same time, no magnon signal can be detected by gate B. This state may be called as A:ON and
B:OFF. The switching to the state A:OFF and B:ON can be realized just by reversing the magnetization of the ferromagnet
(see Fig. 22(b)). Such a device may be regarded as a magnonic switch. Just by switching themagnetization of the sample one
can switch between the two different states. The advantage of such a device is that no electrical transport is involved and
hence the operation of the device does not lead to any electrical losses.

Further applications are also possible. However, the field of magnonics is still in its infancy and a detailed knowledge of
the effects associated with this phenomenon is required for realization of any device.

At this point let us comment on the effect of the film thickness on the observed spin–orbit effects. As it is pointed out
earlier the large spin–orbit coupling in Fe films on W(110) originates mainly from the W substrate. It is expected that the
spin–orbit induced effects on the magnons should be largest in the case of the Fe monolayer and shall be smaller for thicker
films. In the theoretical study by Costa et al. [149] it has been shown that the effects of the spin–orbit coupling on the
magnons in the case of Fe monolayer are larger than the Fe double layer. For thicker films there is no theoretical result
available. This is also very difficult to investigate experimentally. The main problem is that Fe films on W(110) undergo a
structural transformation as a function of the film thickness. This structural transformationwhich takes place between 2 and
3 ML has a direct consequence on the magnons properties as discussed in Section 9.2. However, measurements performed
on a 20 ML Fe film has shown also a small energy asymmetry for the magnons with the same wave vector but opposite
propagation directions. The values of the energy asymmetry in this case were much smaller than the ones measured for the
Fe double layer [197].

13. Probing exchange interaction at the interface

Generally, there are a few important differences between magnons excited in layered structures grown on a substrate
compared to the ones in an infinitely long crystal. In single-element bulk crystals all atoms are equivalent and contribute
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Fig. 23. Themagnon dispersion relation of a 6ML Fe film on Ir(001)measured along themain symmetry directions. (a) Experimental data plotted together
with the lowest-energymode of the theoretical calculations. (b) All the predictedmagnonmodes calculated by the adiabatic approach. (c) The susceptibility
Bloch’s spectral function projected onto the Fe layer next to Ir substrate (interface layer). (d) The susceptibility Bloch’s spectral function projected onto the
surface layer. (e) The susceptibility Bloch’s spectral function projected onto the surface layer for a free standing Fe film consists of 6 layers.
Source: Reprinted figure with permission from Zakeri et al. [200].
© 2013, by Macmillan Publishers Ltd. Nature Nanotechnology.

equally to different magnonmodes (all the magnonmodes degenerate in energy). However, in layered structures the atoms
become inequivalent due to the absence of translational invariance in the direction perpendicular to the film plane. More-
over, the atomic environment of the surface and interface atoms is substantially different from the one of the atoms located
in the inner part of the film. A direct consequence of this fact is that different atomic layers possess different electronic and
magnetic properties. In particular, the exchange parameters become layer-dependent. At the surface of the film the impor-
tant factor influencing the properties of the film is the reduced atomic coordination. At the interface an additional large
influence comes from the hybridization of the electronic states of the atoms of the filmwith the ones of the substrate atoms.
A natural consequence of the inequivalence of the atomic layers is a low-energy magnon mode which is formed due to the
presence of the interface [199,57]. Probing thismodewould shed light on themagnetic exchange interaction at the interface.

This idea has recently been realized by measuring an epitaxial thin Fe(001) films with a thickness of 6 ML grown on
Ir(001). The dispersion relation of the lowest-energy magnon mode is presented in Fig. 23(a). The low excitation energy
and decreasing intensity of this mode with increasing the thickness from 6 to 9 ML without any substantial change in the
energies is an indication that themain contribution to thismode is coming from the interface. This fact has been supported by
first-principles adiabatic calculations. It is found that the main contribution to the lowest-energy mode (shown in Fig. 23(a)
by the solid red line) is coming from the Fe layer next to the substrate. The calculated atomic- or layer-resolved transverse
magnetic susceptibility,which results in the spatial distribution of eachmagnonmode over the Brillouin zone and allows one
to compare the contribution of each atomic layer to eachmagnonmode. Fig. 23(b) shows all magnonmodes calculated using
the adiabatic approach (magnetic force theorem). The susceptibility Bloch’s spectral functions projected onto the interface
and surface layers are presented in Fig. 23(c) and (d), respectively. In this representation the broadening of the lines indicates
the contribution of the given layer to all magnonmodes. For example in Fig. 23(c) the broadening of the lowest-energymode
ismuch stronger than of the othermodesmeaning that a large contribution into thismode, comes from the Fe atoms located
in the atomic layer next to the Ir(001) substrate. For all magnon modes the pattern depends on the wave vector. Fig. 23(d)
shows the contribution of the surface layer to all magnon modes, indicating that the contribution of the surface layer to
the lowest-energy mode is small for magnon wave vectors larger than 0.5 Å−1 and is zero near the zone boundaries (near
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Fig. 24. (a) The contributions of each atomic layer to the lowest-energy magnon mode. (b) The calculated interatomic exchange parameters. The values
are given in meV.
Source: Reprinted figure with permission from Zakeri et al. [200].
© 2013, by Macmillan Publishers Ltd. Nature Nanotechnology.

X̄- and M̄-points). This quantity is the amplitude of the magnon wavefunction in different layers. Since increasing magnon
wave vectormeans larger angle φ between neighboring atomicmoments, the difference in the exchange coupling constants
for different layers becomes more important. This leads to the fact that the region of the smallest exchange parameters
contribute largely to the lowest-energymagnonmode. At q = 0 all layers contribute equally to the lowest-energymode. The
contribution of the interface layer to this mode becomes larger as the wave vector increases whereas the contributions from
the other layers become smaller such that at the X̄ point only the contribution of the interface layer remains (see Fig. 23(c)).
The results of the calculation for a free-standing film (Fig. 23(e)) have indicated that the dispersion relation of the lowest-
energy mode changes strongly whereas the other modes are unaffected. For a free-standing film the surface and interface
layers are equivalent and hence the spectral weights of the two low-energy modes projected onto the surface and interface
layers are identical. A comparison between Fig. 23(c)–(e) demonstrates the effect of hybridization of the electronic states of
the film with ones of the substrate on the magnon dispersion relation. It is also apparent that the presence of the substrate
breaks the degeneracy of the two low-energy magnon modes and leads to the formation of a mode with a lower energy.
This lowest-energy mode originates from the atomic layer next to the substrate, where the exchange coupling is weaker.

It is important tomention that in the calculations presented in Fig. 23 the relativistic spin–orbit coupling is not taken into
account. The lowest-energy magnon mode goes therefore to zero at the zone center (Γ̄ –point). In the experiment, the data
points close to the zone center (Γ̄ –point) are missing and hence one cannot comment on the limit of q → 0. As it is appar-
ent from Fig. 23(a) the agreement of the experimental data and the theory in the intermediate wave vectors is not excellent
(this is the region in which the spin–orbit effects may be observed, see the discussion in Section 12.1). Interestingly, a very
small left–right asymmetry exists in the experimental dispersion relation, whichmight be the consequence of the spin–orbit
coupling. However, as it is mentioned in Section 12 the spin–orbit induced effects on the magnon dispersion relation are
rather small. In order to ensure that the observed effects are purely related to the spin–orbit coupling onewould have to per-
form additional experimentswith two oppositemagnetization directions. Another interesting observation is that, unlike the
Fe/W(110) system, which shows a giant magnetic anisotropy, the Fe/Ir(001) system shows a very small (almost negligible)
magnetic anisotropy. The magnetic hysteresis loops measured along different in-plane directions are almost identical [200,
201] (the film behaves like an easy-plane anisotropy system). Generally, the energy gap in the magnon dispersion relation
at q = 0 is proportional to the magnetic anisotropy. As this term is negligible, one would expect that the gap shall also be
negligible in this system.

The contribution of each layer to the lowest-energy magnon mode as calculated by adiabatic calculations is presented
in Fig. 24(a). The localization of magnons at the Fe/Ir(001) interface can be understood on the basis of the analysis of the
exchange parameters. In principle, the reduction of the coordination number at surfaces/interfaces can lead to a magnon
softening [79]. However, in many systems the interface electronic properties are different from the surface ones. This fact
leads to a significant difference in the exchange parameters at the surface and at the interface. Remarkably, at the Fe/Ir(001)
interface the magnon softening induced by the interface hybridization is much more significant than that from the surface,
which indicates a strong reduction of the intralayer exchange constants at the Fe/Ir(001) interface. Fig. 24(b) shows the ex-
change parameters in the Fe/Ir(001) system. For simplicity, only the relevant parameters are presented.While the interlayer
coupling for both surface and interface layers is strongly ferromagnetic, the intralayer exchange coupling is relatively weak.
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Fig. 25. A comparison between SPEELS difference spectra, recorded at (a) the middle (∆K∥ = q = 0.5 Å−1
), and (b) the edge of the Brillouin zone

(∆K∥ = q = 1.16 Å−1
, X̄–point), and the corresponding calculated imaginary part of the dynamical spin susceptibility using LRTDFT.

Source: Reprinted figure with permission from Zakeri et al. [200].
© 2013, by Macmillan Publishers Ltd. Nature Nanotechnology.

As discussed in Section 10, another aspect which is of prime importance is the dampingmechanism of the highwave vec-
tor magnons which is governed by the decay of the collective magnons into single-particle Stoner excitations. As a result for
eachwave vector q the lowest in energymagnonmode has a long lifetime and can be unambiguously detected in the experi-
ment. The contribution of all other magnonmodes is drastically reduced because of their strong damping (short lifetime). In
the final SPEELS response function the spatial localization of different magnonmodes competes with their Landau damping.
As discussed above the amplitude of the interface magnons in the upper layers is small (but still significant) whereas the
damping of higher-energy magnons is very strong. Although the spectral weight of interface mode is not as large as the
surface mode, it has a much longer lifetime and hence dominates the spectra. Calculation of the dynamic transversal spin
susceptibility considers on an equal footing both collectivemagnons and single-electron Stoner excitations and provides full
account for the Landau damping of themagnons. These calculations are presented in Fig. 25 revealing a drastic Landau damp-
ing already of the second in energymagnonmode. This mode has appeared as a weak peak in the experimental spectra con-
firming the prediction of the theory based on LRTDFT. The higher energy modes have also been seen recently for Co films on
Cu(001) at small wave vectors. Similar to this case, it has been observed the higher energymodes are strongly damped [180].

The method discussed above has also been employed to multilayers of Fe and Co films grown on the same substrate and
also Fe layers grown on Rh(001) [200].

14. Magnons in thin films with perpendicular easy axis

Ultrathin films with large perpendicular magnetic anisotropy (PMA), have attracted much attention due to their inter-
esting fundamental properties and also their promising technological applications in ultra-high density magnetic recording
[202], magnetic tunneling junctions and also spin-transfer torque devices [203,204]. Many observed phenomena in the
above mentioned devices are attributed to the emission or absorption of interface magnons while performing transport
experiments. In this respect, the knowledge on high-energy magnons would have a large impact on the understanding of
many observed phenomena in the transport experiments as well as the ultrafast spin dynamics in thesematerials. However,
since the films with PMA possess an out-of-plane magnetic stray field, there has been a long-standing question concerning
the possibility of probing magnons in these materials using SPEELS.

It has been recently shown that magnons in PMA systems can be excited and probed by a transversally spin-polarized
beam [205]. The experiments have been performed on tetragonally distorted multilayers and alloys of Fe and Co [206,207].
In both cases the films can be grown epitaxially with the epitaxial relationship [100]film ∥ [110]substrate on Ir(001). Both
systems exhibit an out-of-plane easy axis due to the large PMA, originating from the tetragonal distortion of the epitaxial
layers [206,207]. The spectra have been recorded for the spin polarization vector P of the incident beam parallel to the
surface, perpendicular to the easy magnetization direction, see Fig. 26(a).

Fig. 26(b) and (c) show the I+ and I− SPEELS spectra measured at a wave vector of 1.1 Å−1 on a 4 ML Fe0.5Co0.5 alloy
film and a 4 ML Fe/Co multilayer film, respectively. I+ (I−) denotes the intensity of the scattered beam when P is parallel
(antiparallel) to the [11̄0] direction. In both cases, a pronounced peak appears in both I+ and I− spectra with the same
intensity and peak position. The peak intensity shows no dependence on the direction of P, different from those recorded
on the ultrathin films with in-plane magnetization (see Fig. 8). This is due to the fact that unlike the previous experiments,
where the beam polarization vector Pwas parallel or antiparallel to the magnetization direction (quantization axis), in this
case it is perpendicular to that.

The answer to the question ‘‘How a transversally spin-polarized beam can excite the magnons?’’ is given in Section 4.2.3.
Let us assume a spin polarized beamwith an arbitrary polarization vector P = P ê.ê = sinϑ cosϕ î+ sinϑ sinϕ ĵ+ cosϑ k̂ is
the unit vector in space indicating the direction of the spin polarization vector (ϑ and ϕ are the polar and azimuthal angles,
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Fig. 26. (a) A schematic representation of the scattering geometry. All the crystallographic directions depicted here are the ones of Ir(001). The SPEELS
spectra recorded on a 4 ML Fe0.5Co0.5 alloy film (b) and a 4 ML Fe/Co multilayer film (c) at a wave vector of q = 1.1 Å−1 . I+ and I− represent the intensity
spectra when the polarization vector P is parallel and antiparallel to the x direction, respectively. The total spectrum is shown by I+ + I− .
Source: Reprinted figure with permission from Qin et al. [205].
© 2013, by the American Physical Society.

respectively and are definedwith respect to the quantization axis, see Fig. 26(a)) and P is the norm of the polarization vector.
The polarization vector of a given spin-polarized beamcan be expressed in terms of Dirac (Pauli) spinors defining the spin-up
and spin-down states [208]. This can be simply done by finding the eigenstates of:

(σ · ê)χ = λχ, (31)

where σ represents the Pauli spin matrices and σ · e is the projection of spin operator in a polarization direction. λ and χ
represent the eigenvalue and the eigenstate of σ · e, respectively.

The solution of Eq. (31) is:
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For the case where P is parallel or antiparallel to the magnetization (the quantization axis) one has ϑ = 0, ϕ = 0 (see
Fig. 26(a)) and hence Eq. (31) yields the expected eigenstate of σz,
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0
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0
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.

For the case where P is parallel or antiparallel to the x direction and the magnetization (the quantization axis) is along
the z direction one has ϑ = π/2, ϕ = 0 and hence Eq. (31) yields the eigenstate χ =
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, where,
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are the Dirac (Pauli) spinors and can be regarded as majority and minority spin states of the sample, respectively. Note

that in both scenarios the quantization axis is defined as the direction of the easy axis.
In the experiments, where P is parallel or antiparallel to the quantization axis, the beam is composed of either majority

or minority spins (assuming a polarization of 100%, P = 1). Since the magnons carry a total angular momentum of 1h̄,
they can only be excited by incident electrons of minority character via an exchange process (see Section 6). The magnon
excitation is forbidden for incident electrons of majority character. Hence, one sees only the magnon excitation peak in the
minority spin spectra. In the case where P is perpendicular to the quantization axis, the beam can be regarded as a totally
spin unpolarized beam equally composed of both majority andminority spins. Since for both polarization directions (+ and
−) the beam carries the same amount of majority and minority spins, one would expect the samemagnon peak intensity in
I+ and I− spectra.

The fact that the observed loss features are magnons can be verified by different experimental proofs as it has been
verified in Ref. [205]. (i) One of the advantages of magnetic thin films is that one can manipulate the direction of the easy
magnetization axis by a slightmodification of the film. The experiments performedon very similar samples butwith in-plane
easy axis have shown similarmagnon energies, confirming that the observed excitations aremagnons. Note that for in-plane
magnetized samples one can take the advantage of spin-resolved measurements and make sure that the excitations are
magnons. (ii) The observed dispersion relation does not match to any other possible excitations in FeCo films. The energies
of surface phonons in Fe and Co films are less than 40 meV (see Section 7). The excitation energies of the surface plasmons
are by one order of magnitude larger than the ones of the magnons. (iii) The observed (short) lifetime of the excitations
matches very well to what is expected for magnons (see Section 10). (iv) If one varies the alloy concentration the observed
dispersion relation changes in one side to the dispersion relation of Co films and in the other side to the dispersion relation
of Fe films on the same substrate.
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Fig. 27. (a) The magnon dispersion relation probed on a 4 ML Fe0.5Co0.5 alloy film (open diamonds) and a 4 ML Fe/Co multilayer film (open circles).
The intrinsic linewidth of the spectra is depicted as the background color. The solid line represents the theoretical calculation for a 4 ML body-centered
tetragonal film on Ir(001) composed of alternating layers of Co and Fe. The dashed line represents the results of the calculations for a free standing film.
(b) The magnon lifetime as a function of the wave vector.
Source: Reprinted figure with permission from Qin et al. [205].
© 2013, by the American Physical Society.

If the aim is to investigate a more complex surface in which the energies of phonons and magnons coincide, one would
require a longitudinally spin-polarized beam. Only then it is possible to distinguish between themagnetic and non-magnetic
excitations observed in the loss spectra. The physics will be very similar to what is already discussed in Section 7. The main
disadvantage of a longitudinally spin-polarized beam is that the angle of the polarization vector and the sample magnetiza-
tion is given by the scattering geometry, meaning that the effective spin polarization changes while changing the scattering
angle.

Themagnon dispersion relationmeasured on both Fe0.5Co0.5 alloy and Fe/Comultilayer films is presented in Fig. 27(a). At
lowwave vectors both systems show almost identical magnon energies. Small differences in themagnon energies appear at
high wave vectors. For the Fe0.5Co0.5 alloy film, the energy reaches a value of 160 meV at the X̄-point whereas for the Fe/Co
multilayer film, the energy is about 140meV. In both cases the magnon energies are much smaller than those in bulk Fe and
Co. They are even smaller than those of 2 ML Fe(110)/W(110) and 8 ML Co(001)/Cu(001).

The results of first principles adiabatic calculations, are presented in Fig. 27(a) showing a rather good agreement with the
experimental data. The low energy of the magnons is attributed to the presence of the Ir(001) substrate, which reduces the
magnon energies by 55meV at the X̄ pointwith respect to a free-standing film. This fact is the consequence of theweakening
of the interatomic exchange interaction and beautifully manifests the importance of electronic hybridizations between the
ultrathin film and the substrate. Detailed information may be found in Ref. [205].

The background color in Fig. 27(a) denotes the intrinsic linewidth of the magnon peaks as observed in the experiment.
Both systems show a very similar linewidth. The intrinsic linewidth increases from 40 to 100 meV when the wave vector
increases from 0.5 to 1.2 Å−1, similar to that of an 8 ML Co/Cu(100) and a 2 ML Fe/W(110). In this case the magnon lifetime
is obtained using the procedure explained in Section 10 and is presented in Fig. 27(b).
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Fig. 28. The magnon dispersion relation measured on γ -Mn films grown on Cu3Au(001).
Source: Reprinted figure with permission from Gao et al. [118].
© 2008, by theAmerican Physical Society.

These results could clearly demonstrate that the high-energy magnons in ultrathin ferromagnetic films with an out-of-
plane easy axis can be probed by a transversally spin-polarized beam. The excitation cross section is rather large so that
a pronounced peak in the spectra can be observed. Hence, the experiments may even be performed with an unpolarized
beam [209,210,180,211,212]. Since ultrathin filmswith PMA are of fundamental and technological interest, these pioneering
experiments would open a way towards investigation of magnon excitations in this class of materials by SPEELS and also by
inelastic tunneling spectroscopy.

15. Magnetic excitations in antiferromagnetic films

Antiferromagnets with reduced dimensionality are of great fundamental and technological interest. They are excellent
systems for the investigation of dimensionality effects on the symmetry and magnetic interactions. Antiferromagnetic thin
films have been widely used in spintronics as the so-called ‘‘pinning layers’’, in order to fix the magnetization direction
of an adjacent ferromagnetic layer. Although inelastic neutron scattering experiments have been widely employed to in-
vestigate the magnetic excitations in bulk antiferromagnets, these excitations in metallic antiferromagnets with reduced
dimensionality have not been yet explored in detail.

15.1. The magnon dispersion relation

The antiferromagneticmagnondispersion relation has beenmeasured by spin-polarized inelastic tunneling spectroscopy
on fctMn films grownonCu3Au(001) [118] over a small fraction of the Brillouin zonenear the zone center. A linear dispersion
relation with a slope of 160 ± 10 meV Å and an energy gap of 2.7–5.5 meV, depending on the film thickness, have been
observed. Fig. 28 shows the observed magnon dispersion relation by Gao et al. on ultrathin γ -Mn films on Cu3Au(001).
As it is pointed out in Section 4.2.4 only the magnons with the wave vector perpendicular to the film can be measured
by inelastic tunneling spectroscopy. The antiferromagnetic magnon dispersion relation is linear in the limit of small wave
vectors and hence the group velocity does not depend on the wave vector (it is vg = 160 ± 10 meV Å in the case of γ -Mn
films on Cu3Au(001)). The experimental results could be explained based on the first-principles adiabatic calculations. It has
been found that the tetragonal distortion of the films leads to a smaller magnon stiffness constant. The calculations have
suggested a larger magnon stiffness constant for the fcc film (see. Fig. 28), similar to what has already been measured by
inelastic neutron scattering experiments on bulk Ni-doped Mn [213].

One interesting aspect of the results is the measurement at q = 0. The amount of the energy needed to excite the
uniform magnon mode (q = 0) is proportional to the magnetic anisotropy of the film. It has been observed that the energy
of this magnon mode is 5.5 meV for a 4 ML sample and 2.7 meV for a 24 ML one. As the film thickness decreases, the surface
anisotropy becomesmore important. The larger excitation energy of thismode for the thinner film is the consequence of the
surface anisotropy. One can show that the energy of the uniformmagnonmode (or the energy gap) can be expressed as: Eg =

(E2
An+2EAnEEx)1/2, where Eg , EAn and EEx denote the energy gap, totalmagnetic anisotropy energy of the film and the exchange

energy, respectively. The analysis has resulted in a surface anisotropy of 1.4±0.2meVperMnatom. Themagnetic anisotropy
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Fig. 29. The full width at half maximum of the excitation peak versus wave vector. The data of Mn films on Cu3Au(001) are taken from Ref. [118] (solid
circles). The data of Fe(110) films on W(110) are taken from Ref. [181,198] (open circles). The data of Co/Cu(001) are taken from Ref. [181] (open squares)
and Ref. [180] (solid diamonds).

of antiferromagnetic films cannot be simply measured by conventional magnetometry methods. The measurement of the
energy gap serves as one of the few methods for quantifying the magnetic anisotropy of an antiferromagnetic film.

15.2. The magnon lifetime

Another interesting result is the measurement of the lifetime of the magnons in these films. The measured linewidth
of the magnetic excitations in γ -Mn films is plotted in Fig. 29 and is compared to the linewidth of excitations in ultrathin
Fe(110) films onW(110) [181,198] and ultrathin Co(001) films on Cu(001) [181,180]. It seems that the linewidth versuswave
vector shows a smaller slope in the case of Mn films, compared to the ferromagnetic Fe and Co films. For the wave vectors
larger than0.3Å−1 the linewidth of the excitations inMn films is smaller than the one in ultrathinmetallic ferromagnets. This
means that the lifetime of antiferromagnetic magnons in Mn films are larger than the one of the ferromagnetic magnons in
Fe and Co films. Thismay have its origin in a smaller Landau damping of these excitations in thismaterial. However,more ex-
perimental and theoretical studies are required to verify this hypothesis and reveal the origin of the observed phenomenon.

Similar to what is reported for low-dimensional ferromagnets, one would expect that the dimensionality aspects affect
the magnetic excitations in antiferromagnetic structures. Unfortunately, our nowadays knowledge on the magnetic exci-
tations in metallic antiferromagnets with reduced dimensionality (in the form of thin films, and nanostructures) is very
limited. In this respect more experimental and theoretical works are needed in order to gain insight into the physics of
magnetic excitations in these structures. We note that the magnetic excitations in bulk quantum antiferromagnets with
reduced spin dimensionality have recently been investigated by resonant inelastic X-ray scattering experiments. The reader
is referred to Ref. [106] for a review.

16. Magnetic excitations in atoms and clusters

In the present section we shall briefly make a connection between the excitations in ultrathin films and adatoms (or
cluster) adsorbed on surfaces. We, however, do not aim to go into the details of those systems.

The best way of investigating magnetic excitations in very small objects like adatoms (or clusters composed of a few
atoms) adsorbed on a surface is to perform spin excitation tunneling spectroscopy by using a STM tip. In this way onewould
be able to combine the lateral resolution with the spectroscopy to get more insight into the local excitations of very small
objects down to an atom. The basic concept of such an experiment is discussed in Section 4.2.4.
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When electrons tunnel from the tip to the sample or vice versa, they may exchange spin angular momentum with the
magnetic adatom (or cluster). Consequently this creates an excitation in the system. The spin-flip of the tunneling electron
changes the total angularmomentumof the adatom (or cluster) from the ground state Sg to the excited state Sex = ±(Sg −1).
The energy of this inelastic process that is the difference between the excited- and ground-state energy, appears as a step
in the tunneling conductance spectrum (dI/dU) of the inelastic tunneling spectroscopy.

Experiments performed on adatoms and chains on semi-insulating substrates have revealed that the states in the systems
can be treated as discrete quantum states [120,214,215,121,182]. The excited states of such systems are rather long living
and hence are well-defined. Hence, sharp peaks are observed in the d2I/dU2 spectra of the tunneling spectroscopy. Since
the polarization of the tunneling conductance is given by the matrix element of the spin operators, by measuring the spin-
dependent tunneling conductance, one would be able to provide a quantitative measure of the spin-dependent transition
intensities [121].

When adatoms and clusters are grown on metallic substrates, they are strongly coupled to the bath of substrate’s con-
duction electrons and hence the states are not anymore well-defined. Consequently, the created excitations have a large
possibility to decay into the Stoner continuum and a larger damping is expected. Hence, the peaks observed in the d2I/dU2

spectra of tunneling spectroscopy, are broad [119,60,123,122]. This is another evidence that themain source of the damping
in high-energy spin excitations is the presence of the Stoner continuum. Recently, the spin excitations in rare-earth adatoms
on metallic surfaces have been investigated. Interestingly, it has been found that the states are rather long living (lifetime is
found to be in the order of 100–150 fs). This observation is attributed to the strongly localized character of 4f electrons [216].

17. Conclusions and outlook

We discussed the experimental results of the high-energy spin excitations in low-dimensional magnets, mainly in
ultrathin ferromagnetic films grown on metallic substrates. The main mechanisms leading to the creation of magnons by
spin-polarized electrons are outlined and explained based on the current understanding. The magnon excitation process is
based on the exchange scattering mechanism. When a spin-polarized beam with a well-defined energy is scattered from
the sample surface, magnons can only be excited (annihilated) if the incoming beam is of minority (majority) spin character.
Since magnons possess a total angular momentum of 1h̄, the outgoing electron is of majority (minority) spin character. This
fact leads to a peak in the energy loss (gain) region of the intensity spectra when minority (majority) electrons are incident.
The scattering process itself is elastic and the observed energy loss (or gain) is due to the fact that the ejected electron stems
from a lower (or higher) energy level of the excited solid. Such a process is purely mediated by exchange interaction that is
of the Coulomb nature and no explicit spin–spin interaction is involved.

The spin-polarized electron spectroscopy provides also away ofmeasuringmagnons and phonons simultaneously, with-
out the need of any spin-resolved detection. Magnons can only be excited by incidence of minority electrons and annihi-
lated by incidence of majority ones whereas, phonons can be excited and annihilated by incidence of electrons with any
spin orientation. This fact leads to a sign change in the asymmetry curve in the gain and loss regions where themagnons are
excited. For the case of phonons, no change in the sign of the asymmetry curve is expected. Thismeans that themagnons and
phonons can be distinguished by comparing the sign of the asymmetry curves in loss and gain regions and there is no need
of further spin resolved detection of the scattered electrons. These pioneering results would open a way towards probing
the quasi-particles involved in lattice- and spin dynamics and their possible coupling, in particular, in the multifunctional
complex hybrid and oxidematerials as well as strongly correlated electron systems. This knowledge would be of substantial
importance to investigate the possible coupling scenarios between different quasi-particles.

The response of themagnon energies to the changes in the geometrical structure, number of atomic layers and rearrange-
ment of atoms within the structure is explained in term of the complexity of the electronic structure of the ferromagnetic
films and the substrate. It is demonstrated how the complexity of the electronic structure and the different contribution of
orbitals to the hybridization and exchange interaction may lead to unusual behavior of the fundamental magnetic interac-
tions in low-dimensional magnets. These results suggest a way of tailoring magnetic coupling in low-dimensional magnetic
structures.

The experimental results have had a very large impact on the development of the quantum theory of low-dimensional
magnetism, in particular on the theory of spin excitations in low-dimensional itinerant magnets.

Magnons in ultrathin Fe and Co films possess lifetimes ranging from tens to hundreds of femtoseconds depending on the
wave vector. The analysis has revealed that the magnons at the Fe(110) and Co(100) surfaces are strongly confined in time
and space due to the large damping effects. Interestingly, the lifetime of both systems are very similar at a givenwave vector
in spite of the fact that the excitation energies in the Co(100) film are almost twice of that in the Fe(110) film. High-energy
magnons propagate only a few nanometers within their lifetime. These experiments may inspire further theoretical investi-
gations for a better understanding of magnetic damping mechanism of high-energy magnons in low-dimensional magnets.
This understanding would help us to find a possible way of tuning the magnetic relaxation in nanoscale ferromagnets. It
may also offer a way of estimating the ultimate time scale of magnetic switching in nanostructures. The magnon lifetime
needs to be investigated in more detail. It is believed that the main damping mechanism of high-energy magnons is their
dissipation into single particle electron–hole pairs. In the case of low-dimensional ferromagnets in contact tometallic hosts,
the angular momentum of magnons is transferred to the host via conduction electrons. It would be of fundamental interest
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to prove this scenario. To this end one would need to grow the ferromagnetic films on a(n) (semi-)insulating substrate and
investigate the magnon lifetime for different thicknesses of the ferromagnetic film.

The first direct experimental evidence of the magnon Rashba effect is discussed. It is demonstrated that the dispersion
relation of the surface magnons in the presence of relativistic spin–orbit coupling and in the absence of time-reversal and
inversion symmetry shows a splitting for different magnetization directions, similar to the electron dispersion relation at
metal surfaces and in the presence of spin–orbit coupling.

In a pioneering experiment, it is demonstrated that the lifetime, amplitude, group and phase velocity of the surface
magnons propagating along two opposite (but equivalent) directions perpendicular to the magnetization are different
meaning that magnons with the same energy propagate differently along two opposite directions. A new type of spintronic
devices based on surfacemagnonsmay be proposed. This findingmay open new routes towards possibilities of using surface
magnons for information processing. Specially, in the devices made of ferromagnetic insulators, where the information
cannot be carried bymeans of electrons and the role ofmagnons for carrying the information is essential. Itwould interesting
to investigate in more detail the effect of spin–orbit coupling on the low-energy magnons. Such experiments may be
performed using BLS spectroscopy.

It has been recently shown that a spontaneous skyrmion lattice is formed in an Fe monolayer on Ir(111) due to the inter-
play between symmetric Heisenberg exchange, the four-spin and the antisymmetric DM interaction [217]. Measuring the
magnon dispersion relation in such an exotic magnetic state would be very interesting in order to gain information regard-
ing the dynamics of skyrmions. Such an investigation may be done by means of SPEELS. However, one should not expect
to observe a spin-resolved spectrum since the net magnetic moment of a skyrmion is zero. The calculations have revealed
that the Heisenberg exchange parameters are smaller than the ones in the Fe monolayer onW(110) [217], meaning that the
excitation energies shall be low.

It is illustrated that SPEELS may be used to probe the interface exchange parameters. If the magnetic coupling at the
interface is weaker than at the surface, the lowest-energy magnonmode originates mainly from the interface layer. Probing
of thismagnonmodewould lead to anunambiguous determination of the exchange coupling constants at the interface. Since
the SPEELS technique provides unique results on spin excitations, it has a large capability to be used for the investigation of
the magnetic exchange interaction in many systems.

Magnons in ultrathin films with out-of-plane easy axis are of particular fundamental interest. As a matter of fact, the
pioneering SPEELS experiments on FeCo films with an out-of-plane easy axis have illustrated the capability of the method
for investigation of such structures. The idea can be tailored to a large variety of ultrathin film systems, in which themagne-
tization is oriented perpendicular to the film. If the substrate used for growing the film possesses a large spin–orbit coupling
onemay observe interesting phenomena associated with the broken inversion symmetry and the large spin–orbit coupling.

Magnons in multilayer structures of alternating layers of ferromagnetic metals are also of fundamental interest. In this
case one shall observe different magnon modes associated with different layers in the structure.

Magnons in an ultrathin antiferromagnetic film are also of great fundamental interest. In principle, one can investigate all
the effects presented here in an antiferromagnetic film. One candidate for such investigation is an ultrathin film of FeRh. It is
expected that thismaterial should show a ferromagnetic to antiferromagnetic phase transitions as a function of temperature
and film thickness. It would be interesting to investigate the magnons in both ferromagnetic and antiferromagnetic phases
and also observe the changes in the magnon spectrum across the transition temperature. Theoretical predictions of the
magnons’ behavior in each of these phases have recently been reported [218].
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