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Abstract

Spin-polarized electron energy loss spectroscopy (SPEELS) is a unique tool to determine the spin-wave dispersion of ultrathin films and
surfaces over the whole Brillouin zone. Ultrathin Co films on Cu(001) show well-defined spin-wave loss peaks in the SPEEL spectra. For 3
ML Fe films on 1 ML Co/Cu(001) the spin-wave peaks are much broader compared to the Co case but show dispersion. In 5-ML-thick bce
Fe films on W(110), a very broad feature assigned to spin-wave excitation was observed as well, which, however, does not show significant

dispersion in the investigated range of large wavevectors.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The dynamic properties of thin films are currently topics
of growing interest. In a number of theoretical papers, ab
initio calculations of the spin-wave dispersion of the three-
dimensional (3D) ferromagnets within the adiabatic ap-
proach have been performed for bulk [1,2] as well as for
thin films/monolayer geometry [3—5]. As pointed out by
Mills et al., the calculated spin-wave energies using the
adiabatic approach are valid only in the limit of small
wavevectors [6,7]. Calculations within the adiabatic ap-
proach are not able to describe the damping of spin waves,
which, however, for large wavevectors is expected to be so
large that most of the optical spin-wave branches in thin
films do not stand out as well-defined peak in the spin-wave
spectrum [8]. A full dynamic ab initio theory of spin waves
is computationally so demanding that up to now, it has been
performed only for bulk Fe and Ni [9]. To test the validity of
the different approximate theories, experimental results on
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these large wavevector spin waves are therefore highly
desired. Such spin waves can be investigated by inelastic
neutron scattering for bulk materials and multilayers [10].
However, the investigation of surfaces and single ultrathin
films with this method is currently out of reach. Spin waves
in thin films and at surfaces were investigated by ferromag-
netic resonance or by Brillouin light scattering, but these
methods are limited to small wavevector spin waves below
about 0.01 A~ ",

The single-particle Stoner excitation spectrum has been
investigated during the last two decades by spin-polarized
electron energy loss spectroscopy (SPEELS) [11—14]. The-
ory predicts spin-wave excitation in the SPEEL spectra as
well [15—17]. However, due to insufficient energy resolu-
tion in these early experiments, no evidence of spin-wave
excitation was found. A signature of spin-wave excitation
was reported for the first time in Ref. [18]. Recently, we
demonstrated that large wavevector spin waves show up as
well-defined peaks in the SPEEL spectrum of thin films up
to the surface Brillouin zone (SBZ) boundary [19].

In this paper, we compare the SPEEL spectra in the spin-
wave region of Co films on Cu with those of Fe films on
Cu(100) and W(110). A very different behavior was found
for the Fe films compared to that of the Co films [19-21].
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2. Experiment

Details of the experimental setup can be found in Refs.
[19,22]. A high-performance electron energy loss spec-
trometer (EELS) with geometry optimized for SPEELS has
been used for the measurements presented in this paper
[22]. A strained GaAs cathode generates a longitudinally
spin-polarized e-beam [23,24]. For the measurements pre-
sented in this paper, the spin polarization P was between
0.53 to 0.79 (£ 10%) depending on the individual cath-
ode. The photoelectrons pass an electrostatic monochro-
mator with a total deflection angle of 90°. Therefore, the
e-beam is transversely spin-polarized when impinging onto
the sample. The scattered electrons are then detected angle
and energy resolved in the sagittal plane by an electrostatic
analyzer. A sketch of the spectrometer and the scattering
geometry can be found Ref. [22]. The incident angle 0 can
be changed by rotating the crystal around an axis perpen-
dicular to the scattering plane. The angle between inci-
dent and outgoing beam 6, was 90°. The wavevector
transfer parallel to the surface is given by AK=
AK=kysin(0 — 0y) — k;sin0, with k; and k, the magnitude
of the wavevectors of the incident and scattered electron.
SPEEL intensity spectra for the polarization of the incident
beam antiparallel (/7, majority spin) and parallel (/,
minority spin) to the magnetization were recorded. For
the spectra shown in this paper, the measured intensities
are corrected for the incomplete polarization P.

Three different samples were investigated:

(1) Co films were deposited by molecular beam epitaxy
(MBE) onto Cu(001) at 300 K, forming a pseudomor-
phic fce-like structure [25]. After evaporation, the Co
films have been annealed to 450 K for 5 min to
produce a smoother surface. With the exception of an
overall increase in the difference of the /; and the /1
spectrum, annealing did not change the results.

(i) 3 ML Fe on 1 ML Co/Cu(001): Low-energy electron
diffraction (LEED) structure analysis found for ultrathin
Fe layers on Cu(001) up to 3 ML thickness low-energy-
electron diffraction (LEED) found a tetragonal structure
with expanded interlayer spacings [compared to the
Cu(001) interlayer spacings] which has been described
as a strongly perturbed fcc structure [26]. A recent
investigation by scanning tunneling microscopy found
that the Fe film actually breaks up into ‘bee’-and “fec’-
like stripes [27]. Ultrathin Fe films grown on Cu(001)
have perpendicular anisotropy [28,29]. For our scatter-
ing geometry, an in-plane easy axis is required.
Therefore, 3-ML-thick Fe films were grown on a
Cu(001) substrate at 300 K, precovered with 1 ML Co.
This switches the easy axis of magnetization into the
surface plane along a (110)-direction but leaves all other
properties of the film nearly unchanged [30,31]. These
thin Fe films were not annealed above room temperature
to avoid intermixing and pin hole formation [32].

(iii)) 5 ML Fe were grown on W(110) at about 300 K.
Despite the large misfit in the lattice constants of Fe
and W of about 10%, the monolayer of Fe grows
pseudomorphic on W(110). When growing thicker Fe
films at room temperature, partial strain relaxation sets
in and leads to the formation of a regular dislocation
network as observed by LEED [33]. The easy axis of
the magnetization for the 5-ML Fe film on W(110) is
along the [110] direction.

All films were magnetized along their easy axis of
magnetization after growth, and the scattering plane of the
SPEELS was chosen perpendicular to the magnetization.

3. Results and discussion

In our recent paper, Ref. [19], we demonstrated that
ultrathin Co films on Cu(001) show well-resolved spin-
wave peaks in the SPEEL spectra up to the SBZ boundary
of the Cu(001) surface. In Fig. la and b, SPEEL intensity
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Fig. 1. SPEEL intensity spectra, O for /1, and @ for /| normalized to the
average elastically scattered intensity peak at 0 meV energy loss: panels a
and b, from 8 ML Co on Cu(001); panels ¢ and d, from 3 ML Fe on 1 ML
Co/Cu(001); and panels e and f, from 5 ML bec Fe on W(110) at (a, c, e)
AK = 0.8 and (b, d, ) 1.2 Al respectively. Eo=7 eV for all spectra. The
sharp peaks at about 100/130, 240, and 450 meV are caused by vibration
excitations of small amounts of adsorbed hydrogen, CO, and water.
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spectra, /1 (0) and /| (e), of 8 ML Co on Cu(001) along the
[110] direction for two particular wavevectors AK=0.8
A~ (= 2/3 of the SBZ boundary) and AK=1.2 A~ ! (close
to the SBZ boundary at 1.23 A~ ') are shown for an energy
Ey of about 7 eV of the incident electrons. Besides the
diffuse elastic peak at 0 meV energy loss, there are only the
peaks in the /| spectrum at about 166 meV in Fig. 1a or 240
meV in Fig. 1b, respectively, while the /1 spectrum is
essentially flat. These peaks in the /| spectrum have been
attributed to surface spin-wave excitation as discussed in
Ref. [19]. At large energy losses, the intensity in the /|
spectrum is much larger than the intensity in the 7/
spectrum. This intensity difference is mainly caused by
the creation of Stoner excitations [13,14]. The weight of
the Stoner excitations relative to the spin-wave loss peak in
the /; spectrum depends strongly on the kinematical con-
ditions, as can be seen by comparing Fig. 1b with Fig. 1 of
Ref. [19], with negative AK.

In the spectra of the Fe films in Fig. lc—f, there is no
such obvious sign of a spin-wave loss peak visible in the /|
spectra. The /; and the /7 spectra are dominated by
vibration loss peaks of adsorbed hydrogen at 110 to 130
meV, of carbon monoxide at 240 meV, and of water at 450
meV [34]. In the foot of the diffuse elastic peak, the
vibration loss peaks of carbon—Fe at about 60 meV [35]
and O—Fe due to dissociated CO are hiding. The overall
difference between the /| and the /1 spectra is much smaller
than in the case of the Co films which requires long
measurement times, of the order of 100 min to get sufficient
good statistics of the intensity difference. Because of the
very high reactivity, it is therefore virtually impossible to
keep the sample clean. However, we want to point out that
the Fe films are only moderately contaminated despite the
fact that the adsorption vibration peaks appear quite prom-
inent in the SPEEL spectra. For example, the CO peak in
Fig. le has only 10% of its height compared to the case
when the Fe film is exposed to 4 L of CO [36].

Nevertheless, in the case of the Fe films on 1 ML Co/
Cu(001), it is possible to extract the intensity due to spin-
wave excitation from the SPEEL spectra. For that, the
weighted differences A/=/ —al; spectra of the spectra
shown in Fig. 1 is plotted in Fig. 2 in count/s normalized to
the sample current in nA. The value of « is chosen such that
Alis 0 at 0 meV energy loss. In this way, the influence of the
spin dependence of the diffuse elastic intensity onto the
inelastic difference spectrum is most diminished. The ad-
sorbate vibration losses are only very weakly dependent on
the spin orientation of the incident electron for the spectra of
the Fe films on 1 ML Co/Cu(001) at these low Ey of 7 eV.
They almost completely cancel out in the weighted intensity
difference spectra Al. This can be seen in Fig. 2¢ and d.
Even the very strong hydrogen vibration excitation at about
110 meV is not visible in the A7 spectra. For the case of 5
ML Fe/W(110), however, this is not the case. A small peak-
like structure at about 110 meV remains visible in the
difference spectra in Fig. 2e and f. This is caused by the
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Fig. 2. Difference spectra A/ of the spectra shown in Fig. 1 in count/s and
normalized to the sample current in nA. For the exact definition of AZ, see
text. (a and b) Gaussian curves (—) fitted to the spectra with a background
(---) taken into account. (c—f) A Lorentz curve instead of the Gaussian
curve has been used for the fit.

dependence of the cross-section of the hydrogen vibration
excitation upon the spin orientation of the incident electrons
of the e-beam different from that of the elastic scattering.

As discussed in Refs. [19-21], the spin-wave loss peaks
in the Co films can be fitted by a Gaussian curve drawn as
solid lines in Fig. 2a and b. The dashed line indicates the
Stoner excitation background as mentioned above. Only a
very poor fit can be achieved with the same type of fit curve
for the spin-wave peaks of the Fe films. The solid lines in
Fig. 2c—f are Lorentz curves

wl’

(@ — R + oI

I(w) :10

which are fit curves with i @, the energy loss, and I, ,
and I' as fit parameters. The dashed lines indicate the
background taken into account in the fit. First, we discuss
the Al spectra of 3 ML Fe on 1 ML Co/Cu(001) with the
corresponding spectra of 8 ML Co on Cu(001). While at low
AK, the width of the spin-wave peak in Co (Fig. 2a) and Fe
films (Fig. 2c) are comparable, the width increases very
much for the Fe films at high AK (Fig. 2d), while for the Co
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films, the increase in width is only modest (Fig. 2b) [20].
Nevertheless, the peak in A7 shifts towards larger energies,
with increasing AK for the 3 ML Fe on 1 ML Co/Cu(001).
This is different for the 5 ML Fe film on W(110). The spin-
wave feature extends up to about 400 meV energy loss in A/
for all AK. By definition of A/ the diffuse elastic intensity
does not contribute (much) to the A/ spectrum. However,
large negative peaks appear in A/ at low energies, which we
attribute to the spin dependence of unresolved vibration
losses of adsorbates. While for the Co films and the Fe films
on Cu(001) their intensity is quite low, they dominate A/ for
the 5 ML Fe film on W(110) at energies below about 80
meV (see Fig. 3b). The increasing slope in Fig. 2e and f is
therefore strongly affected by these low-lying adsorbate
vibration losses. The Lorentz fit to the data above 80 meV
in Fig. 2e and f does not yield reliable values for the fit
parameter I, m,, and I'. wg and I are strongly interdepen-
dent. Even without fitting, it is obvious that the spin-wave
feature of Fe on W(110) is much broader than in 3 ML Fe
on 1 ML Co/Cu(001) or even in Co films on Cu(001). The
shape and amplitude of this spin-wave feature does not
change very much with AK throughout the whole SBZ.
However, it is not a weak feature. This can be seen in Fig.
3b where the A7 spectrum is shown on an extended energy
loss range up to 4 eV. The maximum of the Stoner excitation
(here at about 1.8 eV) is nearly four times lower than the
maximum A/ at the spin-wave ‘peak’.

In Fig. 4, the energy position of the spin-wave peak
maxima are plotted vs. AK for (a) the 8-ML Co film on
Cu(001) and (b) the 3 ML Fe film on 1 ML Co/Cu(001).
The measured dispersion curve can be described phenom-
enologically quite well with a nearest neighbor (NN) Hei-
senberg model H=—JX;»S:S;-J is the nearest neighbor
exchange-coupling constant and S is spin per unit cell. The
solid lines in Fig. 4a are the spin-wave dispersion branches
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Fig. 3. (a) SPEEL spectra from 5 ML Fe on W(110) up to 4 eV energy loss
at AK=0.95 A=' Eg=7 eV. (b) AI=1, —ol; .
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Fig. 4. Spin-wave dispersion curve of (a) 8 ML Co on Cu(001) and (b) 3
ML Fe on 1 ML Co/Cu(001). (@) The energy positions of the spin-wave
peak in the SPEEL spectra. The lines are the spin-wave dispersion curves
expected from an NN Heisenberg model for an (a) 8-ML-thick film with
J=15meV, J,=J and for a (b) 4-ML-thick film with J=5.8 meV, J,=2J.

expected from the model with JS=15 meV. The acoustic
spin-wave mode is fitted quite well by the model, while
there is no experimental evidence for the optical spin-wave
modes [19,20].

For the 3 ML Fe film on 1 ML Co/Cu(001), the
experimental dispersion curve cannot be fitted by the
equivalent Heisenberg model described above. However,
if we assume that the exchange-coupling constant at the
surface layers J; is enhanced by a factor of 2, with respect to
the J in the interior of the film, the acoustic spin-wave mode
of the (modified) NN Heisenberg model fits quite well the
experimental data with a value of J=5.8 meV (thick solid
line in Fig. 4b). Such an increased J; at the surface is
generally expected from theoretical calculations [37]. A
monolayer film shows a strongly enhanced J as well [3].
Therefore, the experimental results for the Fe film on 1 ML
Co/Cu(001) is in agreement with theoretical expectations,
while for the Co film, a strongly increased J; is not
compatible with the experiment [21].

All the spectra shown above were taken with an energy
of about Ey=7 eV of the incident electrons. The cross-
section of the spin-wave excitation by electron scattering
depends very strongly on E,. In Fig. 5a, the intensity of
the spin-wave peak as derived from a Gaussian fit to the
measured data is plotted vs. E,. For the Fe films, just the
intensity difference of /1 and /; at the peak position is
used (Fig. 5b). The resolution AE was about 40 meV in all
measurements. There is some scattering in the data, pre-
sumably because of different spectrometer transmissions
for the individual measurements. Nevertheless, it is clearly
seen that in both cases the cross-section peaks at low
energies of about E£y=7 eV and drops very rapidly towards
larger E,. The measurements shown in Fig. 5 were taken at
fixed AK=—0.7 and 0.8 A~ !, respectively. The E, range
of high spin-wave cross-section is quite narrow, that one
can think of some kind of resonance effect. However, the
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Fig. 5. Intensity of the spin-wave peak in the spectra of (a) 8 ML Co on
Cu(001) at AK=—0.7 A~ " and of a (b) 3 ML Fe on 1 ML Co /Cu(001) at
AK=08 A~

high spin-wave cross-section range does not shift with AK
or the scattering geometry. Theoretically, an £, dependence
of the spin wave similar to that of phonon excitation was
expected: It should strongly oscillate with E,, but on
average, should not drop very fast towards large E, [16].
On the other hand, in Ref. [16], the cross-section of spin-
wave excitations is estimated to be of the order of 1000
times smaller than that for phonons. At wavevector = 2/3
of the SBZ, we observe at Ey=7 eV a spin-wave peak in
the 7, spectrum, with 1/10 of the intensity of the carbon
monoxide vibration loss peak at saturation coverage.
Therefore, the cross-section at large E, is roughly within
the theoretical expectations, while it is nearly two orders of
magnitude above it for Ey=7 eV.

Our interpretation of the experimental results in terms of
a NN Heisenberg model is entirely phenomenological.
There is a good agreement of the measured spin-wave
dispersion with the acoustic branch of the NN Heisenberg
model but there is no experimental evidence of optical
modes predicted by the Heisenberg model. The strong
broadening of the spin-wave peaks in the experimental
spectra is not described by the model as well. Clearly, a
more elaborate theory is necessary to fully understand the
physics of the spin-wave spectra. Our spin-wave energies
can be compared to (ab initio) calculations of bulk spin-
wave energies [1,2]. In the case of Co films, reasonable
good agreement of the spin-wave energies was found when
scaled to the bulk geometry [19]. A recent calculation of the
Co monolayer on Cu(001) gives about 300 meV [4] for the
spin-wave energy at the X point, which is quite close to the
experimental result [21]. Ab initio calculations for thicker
Co layers are not yet available. The structure of Fe on
Cu(001) deviates strongly from the bce structure of bulk Fe.
Therefore, a direct comparison to the results in Refs. [1,2] is
not possible. The calculated energies for a monolayer Fe on

Cu(001) of Refs. [3,4] yield about 230 to 250 meV which is
about 70% larger than our experimental result. Again,
results for thicker Fe films are not available.

All the above-mentioned calculations employ the adia-
batic approximation. However, for large wavevectors, this
approximation becomes invalid because the interaction of
the spin waves with Stoner excitations is not taken into
account [8]. The ab initio calculations of the dynamical
susceptibility of bulk Fe, Co, and Ni of Savrasov [9] are
not based on the adiabatic approximation but are compu-
tationally very demanding. Calculations of the dynamic
susceptibility based on a semiempirical tight-binding band
structure have been performed for Fe films on W(110)
[6,38]. In Fig. 6, the spectral density function S(Q,,€2) of
the surface layer of Ref. [38] is plotted for a 5-ML-thick
Fe film on W(001) along the (100) direction for two
different wavevectors as solid lines. It clearly shows, that
for the small wavevector (Fig. 6a, AK=0.44 A b, well-
defined spin-wave peaks are expected, while at large
wavevector (Fig. 6b, AK=1.32 A- ", only a very broad
feature, with a maximum around 270 meV, appears. The
dashed line in Fig. 6b represents S(Q,€2) of the center Fe
layer with an even broader distribution extending down to
nearly zero energy. The solid symbols are the experimental
difference spectra Al for similar wavevectors. A quantita-
tive agreement with the theory is not expected because
S(Q,2) is just the imaginary part of the transverse
susceptibility x, _(Q,,£,1,1) and not of yspgrrs Whose
calculation is more complex [16,17]. However, there are
qualitative differences. None of the experimental spectra of
5 ML Fe on W(110) show a maximum. The drop below
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Fig. 6. Spectral density function S(Q,,€) of 5 ML Fe/W(110) along the
(100) direction as calculated in Ref. [38] (left scale) at (a) AK=0.44 and (b)
AK=1.32 A~ '. Solid lines for S(Q,,92) of the surface layer and the dashed
line for S(Q),Q2) of the center Fe layer. (®) The experimental difference
spectra A/ for (a) AK=0.5 and (b) 1.17 A
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about 80 meV is caused by low-lying vibration losses as
discussed above. It might be that the spin-wave signal does
not result from the first layer only, and one should then
compare not only to the surface S(Q,,€2) (solid line) but to
S(0,,2) of the deeper Fe layers as well. The energy range,
where the sharp peaks of S(Q,,€2) occur at small wave-
vectors (Fig. 6a), is presently not accessible to the exper-
iment because the (spin-dependent) low-lying vibration
losses dominate the difference spectrum.

4. Conclusion

Fcc Co films on Cu(001) show well-defined spin-wave
loss peaks in the /| spectra up to the SBZ boundary. On Fe
films on 1 ML Co/Cu(001), the spin-wave peaks are at much
lower energies and are much broader compared to the case of
Co films. The measured surface spin-wave dispersion curve
can be described in both cases by simple NN Heisenberg
models. For Fe films on W(110), no well-defined spin-wave
peak can be revealed in the spectrum. Merely a broad
shoulder extending up to about 400 meV independent of
AK is observed in the difference spectrum Al

Acknowledgements

We thank D.L. Mills for valuable discussion and for
making results available to us prior to publication.

References

[1] S.V. Halilov, H. Eschrig, A.Y. Perlov, P.M. Oppeneer, Phys. Rev., B
58 (1998) 293.

[2] M. Pajda, J. Kudrnovsky, I. Turek, V. Drchal, P. Bruno, Phys. Rev., B
64 (2001) 174402.

[3] M. Pajda, J. Kudmovsky, I. Turek, V. Drchal, P. Bruno, Phys. Rev.
Lett. 85 (2000) 5424.

[4] L. Uvardi, L. Szunyoghanf, K. Palotas, P. Weinberger, Phys. Rev., B
68 (2003) 104436.

[5] S. Moran, C. Ederer, and M. Fahnle (in preparation).

[6] R.B. Muniz, A.T. Costa, D.L. Mills, J. Phys., Condens. Matter 12
(2003) 7617.

(21]
[22]
(23]

[24]

R.B. Muniz, D.L. Mills, Phys. Rev., B 66 (2002) 174417.

H. Tang, M. Plihal, D.L. Mills, J. Magn. Magn. Mater. 187 (1998) 23.
S.Y. Savrasov, Phys. Rev. Lett. 81 (1998) 2570.

A. Schreyer, T. Schmitte, R. Siebrecht, P. Bodeker, H. Zabel, S.H.
Lee, R.W. Erwin, C.F. Majkrzak, J. Kwo, M. Hong, J. Appl. Phys.
87 (2000) 5443.

H. Hopster, R. Raue, R. Clauberg, Phys. Rev. Lett. 53 (1984) 695.
J. Kirschner, D. Rebenstor, H. Ibach, Phys. Rev. Lett. 53 (1984) 698.
D. Venus, J. Kirschner, Phys. Rev., B 37 (1988) 2199.

K.-P. Kédmper, D.L. Abraham, H. Hopster, Phys. Rev., B 45 (1992)
14335.

G. Vignale, K.S. Singwi, Phys. Rev., B 32 (1985) 2824.

M.P. Gokhale, A. Ormeci, D.L. Mills, Phys. Rev., B 46 (1992) 8978.
M. Plihal, D.L. Mills, Phys. Rev., B 58 (1998) 14407.

M. Plihal, D.L. Mills, J. Kirschner, Phys. Rev. Lett. 82 (1999) 2579.
R. Vollmer, M. Etzkorn, P.S. Anil Kumar, H. Ibach, J. Kirschner,
Phys. Rev. Lett. 91 (2003) 147201.

R. Vollmer, M. Etzkorn, P.S. Anil Kumar, H. Ibach, J. Kirschner,
J. Magn. Magn. Mater. (in preparation).

M. Etzkorn, P.S. Anil Kumar, R. Vollmer, H. Ibach, J. Kirschner,
Surf. Sci. (in preparation).

H. Ibach, D. Bruchmann, R. Vollmer, M. Etzkorn, P.S. Anil Kumar,
J. Kirschner, Rev. Sci. Instrum. 74 (2003) 4089.

D.T. Pierce, R.J. Celotta, G.-C. Wang, W.N. Unertl, A. Galejs, C.E.
Kuyatt, S.R. Mielczarek, Rev. Sci. Instrum. 51 (1980) 778.

P. Drescher, H.G. Andresen, K. Aulenbacher, J. Bermuth, Th. Dombo,
H. Fischer, et al., Appl. Phys. A 63 (1996) 203.

A. Clarke, G. Jennings, R.F. Willis, P.J. Rous, J.B. Pendry, Surf. Sci.
187 (1987) 327.

S. Miiller, P. Bayer, C. Reischl, K. Heinz, B. Feldmann, H. Zillgen,
M. Wuttig, Phys. Rev. Lett. 74 (1995) 765.

A. Biedermann, R. Tschelienig, M. Schmid, P. Varga, Phys. Rev.
Lett. 87 (2001) 086103.

C. Liu, E.R. Moog, S.D. Bader, Phys. Rev. Lett. 60 (1988) 2422.

J. Thomassen, F. May, M. Wuttig, H. Ibach, Phys. Rev. Lett. 69
(1992) 3831.

W.L. O’Brien, B.P. Tonner, Surf. Sci. 334 (1995) 10.

E.J. Escoria-Aparico, R.K. Kawakami, Z.Q. Qiu, Phys. Rev., B 54
(1996) 4155.

J. Shen, J. Giergiel, A.K. Schmid, J. Kirschner, Surf. Sci. 328 (1995)
32.

U. Gradmann, G. Waller, Surf. Sci. 116 (1982) 539.

AM. Baro, W. Erley, Surf. Sci. 112 (1981) L759.

W. Erley, A.M. Baro, H. Ibach, Surf. Sci. 120 (1982) 273.

R. Vollmer, M. Etzkorn, P.S. Anil Kumar, H. Ibach, J. Kirschner,
J. Appl. Phys. (in preparation).

S.S.A. Razee, J.B. Staunton, L. Szunyogh, B.L. Gyoérffy, Phys. Rev.,
B 66 (2002) 094415.

A.T. Costa, R.B. Muniz, D.L. Mills Phys. Rev., B 69 (2004)
064413.



	Spin-wave excitation observed by spin-polarized electron energy loss spectroscopy: a new method for the investigation of surface- and thin-film spin waves on the atomic scale
	Introduction
	Experiment
	Results and discussion
	Conclusion
	Acknowledgements
	References


