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Short-wavelength  magnons  at ferromagnetic  surfaces  can be probed  by  electrons.  The  unique  property  of
electrons,  i.e.  having  a very  strong  interaction  with  the  surface  together  with  the  spin  degree  of  freedom
enables  one  to investigate  the  spin  dependent  quasi-particles,  e.g. magnons  at  magnetic  surfaces.

We review  the  experimental  results  of  short-wavelength  magnons  probed  at  ferromagnetic  Co(0  0  0  1)
and Fe(1  1 0)  surfaces  by  spin-polarized  electron  energy-loss  spectroscopy.  The  differences  and  similari-
ties  to  their  bulk counterpart  are discussed  in  detail.  Although  in  the case  of Co(0  0  0  1)  surface  magnons
behave  similar  to  the  ones  in  bulk  Co, in  the  case  of Fe(1  1 0)  they  possess  a smaller  exchange  stiffness
eywords:
pin-polarized electron energy-loss
pectroscopy
urface magnetism
pin waves
agnons

meaning  that  the  effective  exchange  coupling  is  smaller  at the  surface.  In both  cases,  surface  magnons
have  an  extremely  short  lifetime  being  in  the  order  of a  few  tens  of  femtosecond.

© 2012 Elsevier B.V. All rights reserved.
agnetic excitations

. Introduction

Magnetism at surfaces and in ultrathin films has attracted a lot
f attention because of exotic phenomena, which have not been
bserved in bulk materials [1–4]. Enhanced magnetic moment at
he surface [3], perpendicular easy axis [4] and giant magnetore-
istance effect [5,6] are all attributed to the presence of the surface
nd interface. The possibilities of using these new effects observed
t the magnetic surfaces and interfaces in magneto-electronic tech-
ology have been extensively discussed and even some of the
vailable devices in nowadays technology are based on these prop-
rties [7].

Magnetic excitations are well-established subjects in bulk mag-
etism. They are of crucial importance for understanding the
icroscopic origins of different observations in magnetism, e.g.,

he magnetic ordering phenomena at a finite temperature. From
 fundamental physics point of view, a complete knowledge of
agnetic excitations would lead to a better understanding of the

hysical phenomena related to the excited state of the system. In
he case of low-dimensional magnetic objects or at surfaces, the
agnetic excitations should, in principle, reflect the properties of
hese systems. This knowledge is essential to understand the the-
ry of high-speed response of a magnetic material to different kinds

∗ Corresponding author. Tel.: +49 345 5582749; fax: +49 345 5511223.
E-mail address: zakeri@mpi-halle.de (Kh. Zakeri).
URL: http://www.mpi-halle.de/ (Kh. Zakeri).

368-2048/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.elspec.2012.06.009
of excitations (for instance high frequency electromagnetic radia-
tions). Moreover, it would allow a prediction of the role and the type
of elementary excitations generated within the processes like spin-
current induced magnetic switching [8,9]. From the application
point of view this information would help us to design magnetic
devices, which can be operated at high frequencies.

In a classical description, the wavy-like motions of the
atomic magnetic moments, which are caused by the preces-
sion of the individual moments are called spin waves. Their
representative quasi-particles are referred to as magnons. Long-
wavelength (low-energy) excitations are usually treated classically
using phenomenological approaches, e.g., using the so-called
Landau–Lifshitz–Gilbert (LLG) equation of motion. The dominating
magnetic interaction for this class of magnons is the magnetic dipo-
lar interaction [10,11]. Although in various occasions it is shown
that the LLG equation fails to describe the magnetic damping mech-
anisms in ferromagnets [12–15], however, it lies in the central
explanation of long-wavelength spin waves, at least where pro-
cesses like two-magnon scattering are not important. In contrary to
this class of magnons the short-wavelength magnons are governed
by magnetic exchange interaction and therefore their properties
are entirely different than those of long-wavelength magnons.

In this paper we  will provide the experimental results of short-
wavelength magnon excitations probed by spin-polarized electron

energy-loss spectroscopy (SPEELS) on different ferromagnetic sur-
faces. As examples we discuss the results of Co(0 0 0 1) and Fe(1 1 0)
films grown on W(1  1 0) surface. The results of magnon dispersion
relation and the lifetime of surface magnons will be discussed.

dx.doi.org/10.1016/j.elspec.2012.06.009
http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
mailto:zakeri@mpi-halle.de
http://www.mpi-halle.de/
dx.doi.org/10.1016/j.elspec.2012.06.009
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ome comparison to the results of the bulk samples probed by
nelastic neutron scattering (INS) measurements will be provided.
he paper is organized as follows: In Section 2 we introduce
he basic concepts needed to follow the paper. In Section 3, the
xperimental details concerning the sample preparation, charac-
erization, and SPEELS measurements are provided. Section 4 is
edicated to the main experimental results followed by a discus-
ion. A concluding remark is provided in Section 5.

. Basic concepts

Spin waves governed by exchange interaction may  be described
y the classical Heisenberg Hamiltonian. In this description the
epresentative quasi-particles of spin waves are referred to as
agnons. The simplest form of Heisenberg spin Hamiltonian reads

s:

 = −
∑
i /=  j

Jij �Si · �Sj. (1)

Here Jij denotes the isotropic exchange interaction between
pins �Si and �Sj . This Hamiltonian applies to a system of spins,
hich are coupled via an isotropic exchange interaction in the

bsence of any external magnetic field and magnetic anisotropy. In
he systems with magnetic anisotropy, an additional term, which
s proportional to the magnetic anisotropy energy of the system,
hould be added to Eq. (1). In the presence of the antisymmetric
xchange interaction (usually referred to as Dzyaloshinskii–Moriya
nteraction [16,17]) an additional term, which is proportional to
he vector product of the spins ( �Si × �Sj) may  be added to the spin
amiltonian [18].

In order to derive the equation of motion, in a semi-classical
icture, one may  consider the magnetic exchange interaction as the
ource of a torque acting on each magnetic moment. The equation
f motion can be derived as:

d�Si

dt
= ��i = 2

∑
j

Jij
(�Si × �Sj

)
. (2)

Writing the expansion of the cross product in terms of spin
omponents leads to the following equations:

dSx
i

dt
= 2

∑
j

Jij(S
y
i
Sz

j − Sy
j
Sz

i ), (3)

dSy
i

dt
= 2

∑
j

Jij(S
x
j Sz

i − Sx
i Sz

j ). (4)

Now if one defines the rising operator as S+ = Sx + iSy, Eq. (2) can
e simplified to:

�
dS+

i

dt
= 2S

∑
j

Jij

[
S+

i
− S+

j

]
, (5)

here S ≈ Sz denotes the magnitude of spin. By considering a
ave form solution for the magnons (S+

i
= Ai exp[i(�q · �Rj − ωt)], Ai

enotes the amplitude of the magnon with the wave vector �q and
ngular frequency of ω at position �Ri) one can simply derive the
ollowing expression, which connects the magnons energy (eigen-
requency) to their wave vector:

ωAi = 2S
∑

Jij{Ai − Aj exp[i�q · (�Rj − �Ri)]}. (6)
The above equation is usually used to derive the magnon disper-
ion relation for any system of interest. We  will use it in Section 4
o calculate the dispersion relation of our systems. For an infinitely
arge crystal with simple cubic structure and considering only the
nd Related Phenomena 189 (2013) 157– 163

nearest neighbor interaction, the dispersion relation can be written
as this simple form:

E = �ω = 2zJS

[
1 − 1

z

∑
ı

cos(�q · �a)

]
, (7)

where z is the number of nearest neighbors, J = Jij represents the
exchange coupling constant between the neighbors and �a is the
position vector of the respective neighbor. The Heisenberg Hamil-
tonian provides no information concerning the magnons’ damping.
The assumption is that the magnons live for an infinitely long time.
In reality, the magnons possess a finite lifetime, which for the case
of itinerant electron ferromagnets is quite short. We  will provide
some information on the magnon lifetimes at the Fe(1 1 0) surface
in Section 4.2. The classical Heisenberg picture fails to describe
the magnon dispersion relation in itinerant electron ferromagnets
[19–31]. However, since it provides a simple way of understanding
the magnon dispersion relation, we will use it for our data analysis
in a comparative way.

In an itinerant ferromagnet the bands are spin-split across the
Fermi-level, which can lead to a possibility of single-particle exci-
tations called Stoner excitations. In fact, an electron of majority
spin character can jump from an occupied majority band to an
empty state in the minority band above the Fermi-level. A hole
with majority spin character in the majority band will be left. The
electron–hole pairs (Stoner pairs), generated within this process,
possess a total spin of 1�. The energy and momentum of a Stoner
pair is given by the momentum and energy difference of the elec-
tron and hole in the minority- and majority-band, respectively.
The probability of having Stoner excitations depends on the band
structure. In two-dimensional metallic ferromagnets, Stoner exci-
tations are spread over the entire Brillouin zone and only a narrow
area within the Stoner gap is left. They overlap with the collective
excitations. It is shown that Stoner excitations lead to an energy
renormalization of the high wave vector magnons, in addition to
modifying their damping [28,29,32]. The excitations at very low
energies (below the Stoner gap) will not be influenced by the Stoner
continuum and may  still be described in terms of spin waves.

3. Experimental details

For this study all the experiments were performed under ultra-
high vacuum (UHV) condition with a base pressure better than
3 × 10−11 mbar. As with other surface sensitive methods, perform-
ing SPEELS experiments in UHV is essential to get rid of the effects
induced by adsorbates.

3.1. Sample preparation

The samples were grown in situ in the form of ultrathin films by
the molecular beam epitaxy technique. The structure and chemical
properties were characterized using low-energy electron diffrac-
tion (LEED) and Auger electron spectroscopy (AES). The magnetic
properties were studied by magneto-optical Kerr effect (MOKE).
The magnon excitations were investigated using SPEELS. In the fol-
lowing section we will briefly introduce our SPEELS spectrometer.
We  also discuss and describe the basic physical processes involved
in SPEELS experiments.

3.2. Spin-polarized electron energy-loss spectroscopy

SPEELS is a spectroscopy technique based on the scattering of

spin-polarized electrons from a magnetic surface. In this technique
a spin-polarized low-energy electron beam is incident onto the
sample surface at a certain scattering geometry and the intensity
of the scattered electrons is measured versus their energy loss. As
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Fig. 1. A schematic representation of possible processes when a spin-down (a and b)
or  spin-up (c and d) electron is incident onto a magnetic surface. Since in processes
shown as (a) and (d) the spin of the incident and scattered electron is the same we  call
these processes “non-flip” processes. Consequently processes (b) and (c) are called
“flip”  processes because the spin of the scattered electron is opposite to the one of
the  incident electron. Note that these processes are due to the exchange mechanism
and no direct spin reversal process is involved here. The lower panel shows the cor-
responding excitation processes within the system. During such processes electrons
from a state below the Fermi-level are excited and holes are created in the system.
Kh. Zakeri et al. / Journal of Electron Spectros

t is a spin polarized version of electron energy-loss spectroscopy
EELS), some basic principles are similar to the one of EELS experi-

ents. The main advantage of SPEELS is that one has a direct access
o control the spin of the incoming beam and thereby can distin-
uish the spin dependent and spin independent excitations at solid
urfaces. This is essential for investigating magnon excitations. No
pin selective detection is involved in this experiment. The energy
f the incoming beam has usually been chosen to be in the order of a
ew electron-volts (3–10 eV). This is the range, where the magnons
re observed as pronounced peaks in the energy-loss spectra [33].

It is often thought that the basic concepts of SPEELS are sim-
lar to the one of the inelastic neutron scattering (INS). In fact
he fundamental basis of these two techniques are different. In
PEELS experiments the exchange mechanism plays an important
ole while in INS experiments the type of the interaction that is
mportant is the dipolar interaction between the neutron magnetic

oment with the magnetic field induced by magnons. In the fol-
owing we will discuss how does the exchange mechanism during
he scattering process lead to magnon excitations within the SPEELS
xperiments.

Before we discuss the contributions to the inelastic scattering
f the spin-polarized electrons, let us define the spin direction of
he incoming and outgoing beam. It is defined with respect to the

ajority and minority spins of the sample. When the spin of the
lectron is parallel to the majority electrons of the ferromagnetic
urface, it is called spin-up electron ↑ and when it is parallel to
he minority electrons of the sample surface it is called spin-down
lectron ↓. Generally, the inelastic scattering of spin-polarized elec-
rons is a rather complicated topic. A complete description of the

echanisms involved in such processes is out of the scope of the
resent paper. An extended discussion can be found in Ref. [34].

f an electron with a given spin (↑ or ↓) is incident onto a ferro-
agnetic surface at a certain geometry, the outgoing electron has

ither the spin orientation parallel or anti-parallel to the one of the
ncoming electron. Although in the former case an exchange of the
lectrons with the same spins is possible, in the latter case one can
learly talk about the exchange process. This means that the inci-
ent electron occupies an unoccupied state above the Fermi-level
nd another electron from an occupied state below the Fermi-level
ill be scattered out of the surface. The corresponding processes

re schematically illustrated in Fig. 1 for incident of spin-down
left) and spin-up (right) electrons. The processes in which the
ncident and scattered electrons have the same spin character are
sually referred to as “non-flip” processes and the ones in which the
pin of the scattered electron is opposite to the incident electron
re called “flip” processes. It is essential to notice that no direct
pin reversal is involved in the processes mentioned above. The
nderlying mechanism is the exchange process. The “flip” process
entioned above describes the fact that an incident electron with

iven spin direction is exchanged with an electron from the sample
ith an opposite spin orientation (for an extended discussion see

or example [34–38]).
As discussed in Section 2 the total angular momentum of a

agnon is 1�. If a spin-down electron is incident onto the surface,
t excites a majority electron from a state below the Fermi-level
nd occupies an empty state above the Fermi-level. The excited
ajority electron will be scattered out of the sample. Such a process

eads to excitation of a magnon with a total angular momentum of
�. A magnon annihilation process may  be imagined when a spin-
p electron is incident onto the sample surface. However, during
his process the outgoing electron would gain energy and hence
his process would take place in the energy gain spectra. As such
 process requires an available magnon, the intensity of the peak
ssociated with this process is proportional to the number of the
vailable magnons. In the thermodynamic steady state condition
he number of magnons is given by the Bose–Einstein statistics,
The  incoming electron with energy Ei transfers its energy to an electron in a state
below the Fermi-level and fills an unoccupied state. The excited electron leaves the
sample from a state with energy Ef = Ei − E.

since they are bosons. In the processes mentioned above when an
electron is excited from a state below the Fermi-level a hole is left
in the system. The resulting electron and hole in the system are
correlated and are considered as an electron–hole pair. The energy
and momentum of the corresponding electron–hole pair (magnon)
is the energy and momentum difference of the electron and hole.

We note that during the scattering, phonons can also be excited
at the surface. Since the phonons are spin independent quasi-
particles they can be excited by incidence of spin-down as well as
spin-up electrons. The answer to this question: “how one can dis-
tinguish between magnons and phonons when the phonons also
show a spin asymmetry?” is out of the scope of this paper. In prin-
ciple, comparing the gain and loss features of each excitation should
provide an access to its nature. A detailed discussion may  be found
in Ref. [39].

Fig. 2 shows a schematic view of the scattering processes within
the SPEELS experiments. Since the energy and the parallel momen-
tum of the electrons are conserved during the scattering process,
the wave vector of the magnons can be selected by adjusting the
scattering geometry (see Fig. 2). This fact enables one to probe the
magnons in a wave vector selective manner. Assuming that the
energy and momentum before and after scattering are Ei, �ki and
Ef, �kf , respectively, the energy E and the in-plane component of the
wave vector �q‖ of the excited magnons can be given by the following
expressions:

E = Ef − Ei∣∣ �q‖
∣∣ =

∣∣� �k‖
∣∣ =

∣∣ �ki

∣∣ sin � −
∣∣ �kf

∣∣ sin(�0 − �).
(8)

Here, � (�0) is the angle between the incident beam and the
surface normal (scattered beam).
The magnon dispersion relation can be obtained by performing
the experiments at different wave vectors. The desired wave vector
can be achieved by changing the angle between the incoming beam
and the surface normal (�) or the angle between the incoming beam
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Fig. 2. A schematic representation of the scattering geometry in the SPEELS exper-
iments. An electron beam with a given energy Ei , wave vector �ki and spin � i is
scattered from the surface to an electron beam with energy Ef , wave vector �kf
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nd spin �f . Since the energy and the in-plane wave vector is conserved within
his process, the energy and the wave vector of the excited magnons (the in-plane
omponent) is given by Eq. (8).

nd the outgoing one (�0). In addition to the conservation of energy
nd parallel momentum, the total angular momentum has to also
e conserved. Hence magnon excitations are allowed only when
inority electrons are incident. This implies that the magnon peak
ill appear only in the minority spin channel. Magnon excitations

re forbidden when majority electrons are incident onto the sample
urface (see Fig. 3). We will come back to this point in Section 4.1.

. Results and discussion

.1. The magnon dispersion relation

Experimentally the properties of magnons like excitation energy
or eigenfrequency, ω = E/�, where E is the excitation energy), dis-
ersion relation and the lifetime are obtained by recording the
nergy-loss spectra. An example is given in Fig. 3, where typi-
al SPEELS spectra measured on a hexagonal close-packed (hcp)
o(0 0 0 1) and a body-centered cubic (bcc) Fe(1 1 0) film recorded

−1
t a wave vector of 0.7 Å are presented. In the experiments one
equentially measures the spectra for both spin orientations of the
ncoming beam (I↑ and I↓). The peak in the minority spin channel
I↓) is due to the magnon excitations. The peak intensity is usually
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ig. 3. Typical SPEELS spectra recorded at a wave vector of �q‖ = 0.7(2) Å1 on (a) an
pitaxial Co(0 0 0 1) film, with a thickness of 8 ML  and (b) an epitaxial Fe(1 1 0) film
ith a thickness of 24 ML  grown on W(1  1 0). The spectra are normalized to the total

ntensity of the quasi-elastic peak. The energy of incident beam was about Ei = 4 eV
or both cases. The peak in the minority spin channel (I↓) is due to the magnon
xcitations. The difference spectra (I↓−I↑) is shown in the lower panels.
nd Related Phenomena 189 (2013) 157– 163

one or even two orders of magnitude smaller than the one of the
elastic peak (the one at Eloss = 0). The small satellites in the upper
panel of Fig. 3(b) at energies of about 63 and 120 meV  are due to
the vibrational excitations of the adsorbed oxygen and hydrogen
from the residual gases in the chamber. Since they appear in both
spin channels and show a very weak energy dispersion, they can
be clearly identified. The magnon peak shows a finite width that
provides information about the typical lifetime of the magnons. A
way to analyze the magnon peaks is taking the difference spectra
that is I↓ − I↑ (see the lower panels of Fig. 3). We  use the difference
spectra for further data analysis.

For a thin film composed of a finite number of atomic layers, the
Heisenberg model predicts n different modes, where n is the num-
ber of atomic layers. However, in the experiment irrespective of the
number of atomic layers, only a single magnon peak was observed
(the surface acoustic mode). The first reason may  lie in the fact that
in the case of the acoustic mode the moments precess in phase and
hence the transverse components of spins are added to each other.
Therefore this mode appears as a pronounced peak in the spectrum.
The high-energy modes (the optical modes) are the results of the
anti-phase precession of the spin moments. In such cases the trans-
verse components of the spin moments may  cancel out each other
and hence no signal can be detected by SPEELS. The second reason
might be the small excitation cross-section and the strong damping
of the higher energy modes. The third reason might be due to the
fact that the acoustic surface mode has the largest amplitude at the
surface and the SPEELS technique is strongly surface sensitive.

In thin film systems monitoring the magnon excitation energy
versus the film thickness would provide some information about
the role of the surface structure and the interface effects on the
magnons. Interestingly the measurements performed on ultrathin
Co(0 0 0 1) films on W(1  1 0) showed that the excitation energy
slightly increases when the thickness of the Co layer increases [40].
The same behavior was  observed for Co(0 0 1) films on Cu(0 0 1)
[41]. The measurements performed on Fe(1 1 0) films with different
thicknesses on W(1  1 0) revealed that the excitation energy shows
an unusual thickness dependence [42]. Fig. 4 shows the excitation
energy at a given wave vector (0.5 Å−1 or 0.7 Å−1) versus the film
thickness. The unusual thickness dependence of magnon energy
could be understood in terms of lattice relaxation. Fe films grow
pseudomorphically on W(1  1 0) from the initial stage of the growth

up to a film thickness of about 2 monolayer (ML). As the third atomic
layer is growing a network of dislocations start to form and the
films start to relax towards the bulk structure [43–45]. This fact
was confirmed by analysis of the LEED patterns recorded on the

Fig. 4. Excitation energy at two different wave vectors (0.5 Å−1 and 0.7 Å−1) versus
the  Fe film thickness in Fe(1 1 0)/W(1 1 0) structure [42]. The data of monolayer
system are measured at 120 K and all other data are recorded at 300 K.



copy a

s
m
t
t
f
c
w
r
n
e
W
t
p
a
q
a
d

r
w
t
t
t
a
t
fi
t
w

F
b
(
m
2
d
t

Kh. Zakeri et al. / Journal of Electron Spectros

amples with different thicknesses. The small changes in the geo-
etrical structure influence the electronic structure of the film and

hereby changes the effective exchange interaction, which leads
o a modification of the magnon energy (dispersion relation). This
act is confirmed by first-principles adiabatic spin dynamics cal-
ulations based on density-functional theory (DFT) [42]. Although
ithin this approach the atomic magnetic moments are treated as

igid entities, which precess around the direction of the ferromag-
etic ground state (similar to the Heisenberg model), the excitation
nergies are obtained by means of parameter-free DFT calculations.
ithin these calculations a mapping of the itinerant electron sys-

em onto a Heisenberg Hamiltonian is considered. The calculations
erformed within the framework of the itinerant electron theory
lso predicted that the magnon exchange stiffness (D = E/q2, for

 � �/a) versus the number of Fe layers shall show a minimum
t about 4 ML  when the magnons are excited along the � − H
irection of the surface Brillouin zone [20].

One of the important properties of magnons is the dispersion
elation that connects the magnons’ energy to their propagation
ave vector. Since the main aim of the present paper is to discuss

he surface magnons, we mainly discuss the results of magnon exci-
ations in thicker films where the film thickness is large enough and
he effects caused by the presence of the film/substrate interfaces
re less important. Fig. 5 shows the surface magnon dispersion rela-

ion measured on a 24 ML  Fe(1 1 0) film grown on W(1  1 0). The
rst attempt to understand the experimental data would be using
he Heisenberg spin Hamiltonian discussed in Section 2. Starting
ith Eq. 6 and solving it for a system consisting of 24 slabs of Fe

(a) (b)

(d)(c)

ig. 5. The magnon dispersion relation. The experimental results of surface magnons mea
y  inelastic neutron scattering by Lynn [46] are also plotted as open circles for a comparis
red  solid line). The 24 ML  film is modeled using the bulk value for JnnS = 13.2 meV  (gray lin

agnon dispersion relation resulting in a value of JnnS = 9.8 meV. (c) The bulk dispersion 

4  ML  film is modeled using the bulk values [JnnS = 8.9 meV and JnnnS = 0.6JnnS (gray line
ispersion relation resulting in values of JnnS = 6.2 meV  and JnnnS = 0.6JnnS. H and H denote
he  references to color in the figure caption and in text, the reader is referred to the web 
nd Related Phenomena 189 (2013) 157– 163 161

in (1 1 0) structure results in 24 modes. The lowest mode is called
the acoustic surface mode. The results of such a calculation are
given in Fig. 5. For the first approximation we only consider the
nearest neighbor coupling (Jnn) and neglect the next nearest neigh-
bor exchange interaction (Jnnn). In order to make a comparison to
the bulk Fe, the value of JnnS used for this calculation is obtained
by fitting the available experimental data of the inelastic neutron
scattering experiments measured by Lynn [46]. The fit to the exper-
imental bulk dispersion results in a value of about JnnS = 13.2 meV
(the fitting curve is shown by the solid red line in Fig. 5(a)). Taking
this value and calculating the magnon dispersion relation for a slab
consisting of 24 layers of Fe(1 1 0) results in the gray lines, presented
in Fig. 5(a). As one can simply recognize from Fig. 5(a) the exper-
imental magnon energies are smaller than the calculated acoustic
surface mode of Fe(1 1 0) when the bulk exchange parameter is
taken into account. If one tries to adopt the calculated dispersion
relation to our experimental dispersion relation [see Fig. 5(b)] a
value of about JnnS = 9.8 meV  will be obtained. This implies that
the effective exchange coupling at the surface is smaller than the
one of bulk. In the next step one may  also consider the next near-
est neighbors. Again taking the experimental data of Lynn [46] for
bulk dispersion and fitting the data with the next nearest neighbor
Heisenberg model will result in JnnS = 8.9 meV  and JnnnS = 0.6JnnS.
The results of such an analysis are presented in Fig. 5(c). The red

solid curve is the bulk dispersion relation. The gray lines are the
results of the Heisenberg model for 24 layers of Fe(1 1 0) in bcc
structure, assuming the bulk exchange parameters. Fig. 5(c) indi-
cates that the bulk parameters do not explain the surface magnon

sured by SPEELS are presented as solid circles. The results of bulk samples measured
on. (a) The bulk dispersion relation is fitted to a nearest neighbor Heisenberg model
es). (b) The nearest neighbor Heisenberg model is adopted to our results of surface
relation is fitted to a next nearest neighbor Heisenberg model (red solid line). The
s)]. (d) The nearest neighbor Heisenberg model is adopted to the surface magnon

 the bulk and surface Brillouin zone boundaries, respectively. (For interpretation of
version of the article.)
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ispersion relation. A fit to our experimental data reveals that the
ffective exchange parameters at the surface are smaller than those
f the bulk magnons [JnnS = 6.2 meV  and JnnnS = 0.6JnnS, see Fig. 5(d)].
his means that the effective exchange parameter at the surface is
maller than in the bulk. A surface reduction of on-site exchange
arameters is expected from a classical Heisenberg Hamiltonian
47,48]. This effect is explained in terms of a reduced coordi-
ation of surface atoms. However, ab initio electronic structure
alculations has revealed that the interlayer exchange couplings
erived from total-energy differences are enhanced at the surfaces
ver their bulk counterparts [47,48]. Interestingly, in the case of
o(0 0 0 1) films on W(1  1 0) the measured surface magnon dis-
ersion relation could be explained by using the bulk exchange
arameter and taking the Heisenberg model [40,41]. In Co it is the
earest neighbor interaction that is important. The second nearest
eighbor interaction is very small and can be neglected. It seems
hat in the case of Co the effective exchange coupling is not very
ensitive to the small changes due to the surface effects. Again we
ould like to emphasize that such a comparison provides just a

ough estimation of the effective exchange coupling of the sys-
em, since the Heisenberg picture is not an appropriate picture to
escribe the itinerant electron ferromagnets.

.2. The magnon lifetime

Another important result of our measurements is the estimation
f the magnon lifetimes. The broadening of the spectra in energy
frequency) domain can be converted to lifetime. This can be done
y a Fourier transformation of the magnon spectra. If one assumes

 Lorentzian distribution for the peak in the difference spectra, the
agnon lifetime can be simply calculated as following. The Fourier

ransform of a Lorentzian will be an exponential decay function. The
ifetime of a magnon is defined as the time in which the amplitude
f the magnon wave packet decays to e−1 of its original value at

 = 0. It is than given by this simple relation:

 = 2�
�E

, (9)

here � is the magnon lifetime and �E  represents the intrinsic peak
roadening in energy domain. In practice the measured difference
pectra might be also affected by the experimental broadening. In
rder to consider this effect one may  consider that the intensity
rofile is a convolution of a Lorentzian (describing the intrinsic
roadening) and a Gaussian (caused by the experimental energy
esolution) distribution. We  observed in many cases that the exper-
mental broadening has a small influence on the magnons, which
ave energies above 40 meV  (the measured spectra can be fitted
y a Lorentzian distribution). The typical values of the magnon

ifetime for Fe films measured in our study is within the range of
0–100 fs (for the wave vector range of 1.0–0.4 Å−1). As an exam-
le, for the data shown in Fig. 3(b) the intrinsic broadening is about
E  ≈ 54 ± 10 meV, which results in a lifetime of about � = 24 ± 5 fs.

. Conclusion

We  presented the experimental results of short-wavelength
agnon excitations at ferromagnetic surfaces probed by electrons

n spin-polarized electron energy-loss spectroscopy. The strong
nteraction of the electrons with the ferromagnetic surface together

ith the spin degree of freedom enables one to investigate the sur-
ace magnons over the whole energy and momentum range up to
he Brillouin zone boundary.
A comparison between Co(0 0 0 1) and Fe(1 1 0) ultrathin films
rown on W(1  1 0) shows that in contrast to the case of Co ultrathin
lms, the magnon energies of Fe films as a function of the film
hickness show a minimum at about 4 ML,  where the structural

[

[
[
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relaxation takes place. This observation is attributed to the high
sensitivity of the effective exchange interaction of the Fe films to
the small changes in the structure.

The surface magnons of Fe(1 1 0) are softer than the one of Fe
bulk meaning that the effective exchange parameter at the surface
is smaller than the one in the bulk.

The high wave vector magnons possess very short lifetimes
being of the order of few tens of femtoseconds. This means that the
short-wavelength magnons are strongly confined in time as well as
in space.
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