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We introduce a method to test theoretical models for the layer dependence of exchange coupling
constants in ultrathin magnetic films. The method is based on the observation of high-energy and high-
momentum standing spin wave modes using high-resolution electron energy loss spectroscopy. Exper-
imental data are presented for 5-8 layers of fcc cobalt deposited on Cu(100). The power of the method is
illustrated by comparison to two theoretical studies predicting rather different results concerning the ratio of
the interlayer and intralayer exchange coupling constants near the surface. Only the theory with a large
interlayer coupling shows sufficient energy spreading in the layer dependence of the dispersion curves to
match the experimental data. We furthermore discuss the reason for the surprising success of the simple
nearest-neighbor Heisenberg model with a single exchange constant matched to experiment.
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The magnetic properties of thin films present an active
field in contemporary research, partly because of the
importance of magnetic films in information technology,
partly because of the scientific challenges involved in
our fundamental understanding of magnetism. For several
decades, the interplay between finite dimensions, lowered
symmetry and the crystallography of thin epitaxial films
and the magnetic properties such as the orientation of the
easy axis, the magnetization hysteresis, and the nature of
domain walls have been studied [1-5]. Motivated by the
emergence of atomic scale probes, the focus has lately
shifted to the magnetic properties of individual atoms
located at the surface or at the interface and specific
magnetic ordering phenomena that appear there [6—11].
The two most fundamental properties of atoms determining
the magnetic order are the magnetic moments of atoms
and the exchange coupling between them.

Concerning the magnetic moments of atoms in ferro-
magnetic films, theory and experiment have painted a clear
picture. Theoretical studies predict an enhancement of the
magnetic moments at surfaces and a reduction in the layer
adjacent to nonferromagnetic substrates [12—15]. Moments
inside an adjacent nonferromagnetic substrate may be
enlarged [16]. Experimental studies on magnetic moments
of atoms using x-ray magnetic circular dichroism [17-19]
confirm these conclusions.

With regard to layer dependence of exchange coupling
constants between atoms, the situation is less clear.
Theoretical papers have come to contradictory conclusions.
Experimental methods to probe for the layer specificity of
the exchange coupling are hitherto unknown. For the
specific case of fcc cobalt films deposited on Cu(100),
e.g., Costa et al. found an enhancement of the surface
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intralayer exchange coupling by 90% and by 40% in the
layer next to the substrate interface [20]. The interlayer
exchange coupling between the surface layer and the next
layer underneath was also found to be enhanced, but much
less so. Layers second to the surface or the interface were
less affected. A very different result was recently reported
by Bergqvist et al. [21]: According to their calculations the
intralayer exchange coupling at the surface is higher by
about 50%, however, reduced to about 60% in the next
layer below the surface. The interlayer coupling between
the surface layer and the second layer, however, was found
to be almost a factor of 2 larger than the intralayer constant
in the interior of the film.

In this Letter, we show that the considerable discrepancy
between the two theories concerning the relative strength
of the interlayer coupling can be probed experimentally by
studying high-energy and high momentum surface spin
waves [22-25] in combination with the recently discovered
lowest standing spin waves [26] in ultrathin ferromagnetic
films. To avoid misunderstandings we note that the fre-
quency regime of interest here lies between 5-25 THz, far
above the range of magnetostatic spin waves. Frequency
and dispersion of these high frequency spin waves are
entirely determined by exchange coupling.

To illustrate our method we consider a ferromagnetic
slab. For wave vectors parallel to the surface of the slab g
which are large compared to the inverse of the thickness
1/d each of the two surfaces of the slab carries a surface
spin wave mode [27]. Because of the mirror symmetry
around the center of the film, the total eigensolution
decomposes into a symmetric and antisymmetric combi-
nation of the two surface modes. For smaller wave vectors
(g, comparable to 1/d), the symmetric combination of the
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two surface modes becomes a uniform mode in which all
spins precess in phase. This mode was observed in earlier
studies [22,26]. As its frequency is rather insensitive to
the thickness of the slab and close to the frequency of the
surface mode of a semi-infinite bulk it is generally
addressed as the “surface mode.” We keep this notation
in the remainder of the Letter. The frequency of the surface
mode is a measure of the average exchange coupling in the
film. The antisymmetric combination of the two surface
modes has a node in the amplitude at or near the center of the
film. Because of the node, the antisymmetric combination of
the two surface modes can be considered as the lowest
standing mode. Higher standing modes possess more nodes.
The total number of all modes equals the number of layers.
For details, see the Supplemental Material [28].

So far, higher standing modes have not been observed in
electron spectroscopy because of their strong damping. The
value of studying the lowest standing mode in addition to
the surface mode rests with the sensitivity of that mode
to the thickness of the slab. The presence of the node causes
the amplitudes to vary more strongly from layer to layer
compared to the symmetric mode with no node. Because of
the exchange coupling between the layers, the frequency of
the standing mode is therefore always higher than the
frequency of the surface mode. More importantly in this
context, the lowest standing mode is more sensitive to the
exchange coupling at the surface and the interface, in
particular, to the interlayer exchange coupling. Therefore,
by observing the lowest standing spin wave mode as a
function of film thickness and by comparing the frequen-
cies of the standing mode and the surface mode for different
film thicknesses as a function of q)» one obtains informa-
tion on the layer dependence of the exchange coupling. In
particular, theoretical models can be tested.

Standing spin wave modes have been observed previously
using scanning tunneling spectroscopy [29]. However,
because of the atomic localization of the probe, the parallel
momentum of the spin wave excitation is presumably not
well defined in scanning tunneling spectroscopy.
Furthermore, the most significant data in those experiments
stem from thicker films. The standing mode frequencies were
therefore dominated by the bulk properties of the film
material [29]. Here, we employ inelastic electron scattering
by which technique spin waves are observable even on films
with a thickness of only a few layers. In such scattering
experiments the wave vector of the spin waves parallel to the
surface g is defined via the wave vector conservation

AKy =k sin0® — k¥ sing®) = —g,, (1

in which k®), 8¢ and k0, 1), denote the wave vectors and
polar angles of scattered and incident electrons, respectively.

Evidence for a standing spin wave in high-resolution
energy loss spectra was demonstrated in a recent publica-
tion of ours for an eight-atom layers (8§ ML) thick Co film

deposited on Cu(100) [26]. Presently, our spectrometer is
technically further improved so that standing spin wave
modes are observed with several hundred counts per second
and an energy resolution of 7 meV. In this Letter, we report
on the dispersion of the lowest standing modes for five, six,
seven, and eight-monolayer thick fcc cobalt films deposited
on Cu(100) together with the dispersion of the surface
modes of such films. The experimental data are analyzed
within the framework of the Heisenberg model using the
nearest and next-nearest neighbor exchange constants of
Costa et al. [20] and Bergqvist ef al. [21]. We find that
neither theory fits the data per se. The model of Bergqvist
et al., however, provides a good fit when all coupling
constants are uniformly scaled down to 85%. The model of
Costa et al., on the other hand, does not produce a large
enough spreading in the energies of the lowest standing
modes as a function of the cobalt layer thickness due to the
comparatively lower value of the interlayer coupling
between the surface and the next layer.

Our samples are prepared according to the procedure
described in Ref. [26]. All spin wave spectra were recorded
with a scattering angle of 90°. The momentum transfer
parallel to the surface is adjusted by the rotation of the
sample manipulator around a vertical axis in the surface
plane. The wave vector transfer is along the (110) (" X)
direction. Figure 1 shows a series of spin wave spectra
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FIG. 1 (color online). Series of spin wave spectra of the (a) 5
and (b) 6 ML Co/Cu(100) system as function of wave vector g;.
Two modes of spin waves are clearly visible.
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measured on 5 and 6 ML films of fcc cobalt on Cu(100)
ranging from g; = 0.153 to 0.305 A~'. The FWHM of the
diffuse elastic peak is about 7 meV. The impact energy is
chosen as E;, = 6 eV, where the cross section for spin wave
excitation has a maximum [30-32]. For each wave vector,
two peaks are clearly seen. The pronounced peak at lower
energy corresponds to the excitation of the surface spin
wave, whereas the higher energy peak is the first standing
spin wave mode. The dashed lines represent fits of the spin
wave spectra by two Lorentzians from which the peak
energies are determined.

We note in passing that the strong signature of the standing
modes in the spectra is at variance with the conclusions of
Taroni et al. [33]. The reason for the discrepancy is that
Taroni et al. erroneously assumed that all layers inside the
film contribute to the scattering amplitude with the same
weight, as would be the case in inelastic neutron scattering.
This leads to a cancellation of the scattering amplitude
because of the 180° phase shift between the spin wave
amplitudes in surface and the interface layer. In electron
scattering, only the top two layers contribute significantly to
the scattering amplitude and the surface mode and first
standing mode have about the same amplitude there (see,
e.g., [20]). The same argument could be brought forward for
the higher standing modes. However, those modes, because
of their higher energy, are too strongly Landau damped to be
observable (see Fig. 12 of [26]).

Figure 2 shows the dispersion of the modes in the
relevant range of small wave vectors for films consisting of
5-8 layers. We examined also four-layer films. While the
surface mode is clearly seen for those films (see also [34])
the standing mode was too broad to be resolved from the
continuous background. The open and solid symbols
represent the data points for the surface mode and the
standing mode, respectively. Within the limits of error, the
dispersion of the surface mode is independent of film
thickness whereas the dispersion of the standing mode
varies strongly with the thickness.

The experimental data are compared to dispersion curves
generated within the Heisenberg model using previously
published nearest and next-nearest exchange coupling
constants [20,21]. While the two theories employ different
schemes to describe the ground state properties of the
system, in both cases the published coupling constants
are obtained assuming that the itinerant electron system
responds adiabatically to the motion of localized spins. The
description of the spin dynamics by using these coupling
constants in a Heisenberg model is in general not justified
in the case of 3d metals, as was demonstrated clearly in
Ref. [20]. The deviation between the Heisenberg model and
the full dynamic response function is particularly large for
larger wave vectors. However, here we are interested in the
low ¢ limit where the Landau damping due to Stoner
excitations is small. The Heisenberg model is therefore
considered a reasonable approach. We emphasize that the
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FIG. 2 (color online). Dispersion of the surface mode (open
symbols) and the standing mode (solid symbols) as function of
cobalt film thickness. The red circles, blue squares, green up
triangles, and magenta down triangles are for the five, six, seven,
and eight-layer system, respectively. The solid and dashed lines
are the standing modes and the surface modes, respectively,
calculated with the coupling parameters of (a) Costa et al. [20]
and (b) Bergqvist er al. [21]. The insets display the nearest-
neighbor intralayer and interlayer exchange-coupling constants at
integer and half-integer positions, respectively.

objective of our study is not to prove a particular theory
“wrong” or “right,” but rather to show that standing waves
have the potential to distinguish between different theo-
retical approaches.

The solid and dashed lines in Fig. 2 show the dispersion
of the standing modes and the surface modes, respectively,
as calculated with the nearest and next-nearest exchange
coupling constants of (a) Costa et al. [20] and (b) Bergqvist
et al. [21]. In both theoretical papers, the parameters are
tabulated for an eight-layer film. In order to calculate the
dispersion for 5-7 layer films we make use of the fact that
the coupling constants are nearly constant from the 3rd to
the 5th layer inside the film. The dispersion for the 5-7
layer films is therefore calculated by first replacing the
layer-dependent constants of the 3rd to 5th layer by their
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average and, second, by removing those layers sequentially
from the film to realize 7-5 layer films.

As seen from Fig. 2, neither set of exchange coupling
constants yields a satisfactory fit to the experimental data.
The disagreement is, however, of a different nature in the
two cases. The dispersion curves according to Costa ef al.
[Fig. 2(a)] have too small energy spreading in the layer
dependence of the dispersion curves. A uniform up- or
downscaling of the coupling constants would not lead to a
better agreement with experiment. A variation of merely the
increase of the exchange coupling near the surface or
interface likewise does not lead to a satisfactory agreement
with experiment. While the dispersion curves obtained for
the parameter set of Bergqvist et al. also do not fit the
experiment they can be brought to agreement by a uniform
downscaling of all parameters. This is illustrated in Fig. 3(a)
where the dispersion curves are shown with all parameters
reduced to 85% of their published value. Hence, the theory
of Bergqvist does reproduce the experimentally required
energy spreading in the layer dependence of the dispersion
curves. Thereason for the success of the theory and the failure
of the other with respect to the energy spreading is the
different interlayer coupling near the surface in the two
theoretical studies. Bergqvist ef al. find a large interlayer
coupling near the surface, larger than the intralayer coupling
(see insets in Fig. 2). Costa et al., on the other hand, have the
interlayer coupling near the surface smaller than the intra-
layer coupling. Model calculations with varied parameters as
well as the reasoning brought forward in the introduction
show that the different ratio of the interlayer and intralayer
couplings in the two theories is the key for the different
quality of the (dis)agreement with experiment. Model studies
further show that the small oscillations between the interlayer
and intralayer couplings in the interior of the films in case of
Bergqvist et al. are of no significant consequence for the
result, given the present precision of the experimental data.

Amusingly, the agreement between experiment and the
theory of Bergqvist ef al. even after downscaling is not
better than with the simplest of all models, the nearest
neighbor Heisenberg model with a uniform exchange
coupling constant if this coupling constant is chosen to
be JS = 15 meV [Fig. 3(b)]. The simple model even fits
the dispersion of the surface mode up to the zone boundary
with the same exchange coupling [22] as good as the
downscaled theory of Bergqvist et al. Model calculations
show that the relatively large spreading of the energies in
the simple nearest-neighbor model (despite the interlayer
coupling being equal to the intralayer coupling) is owed to
the neglect of second and higher neighbor interactions in
combination with a relatively high nearest-neighbor cou-
pling constant (higher than obtained in theory) chosen to
match the experiments. For models with a realistic range of
the exchange coupling, we can safely exclude those that
have the interlayer coupling near the surface smaller than
the intralayer coupling.
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FIG. 3 (color online). Experimental data as in Fig. 2. The solid
and dashed lines are the standing modes and the surface modes,
respectively, calculated with the coupling parameters of (a) Bergqv-
ist et al. reduced to 85% [21]. Surprisingly, the simplest of all
models, the nearest neighbor Heisenberg model with a uniform
exchange coupling constant of JS = 15 meV fits the data just as
well (b) (see text for discussion). The insets display the nearest-
neighbor intralayer and interlayer exchange-coupling constants at
integer and half-integer positions, respectively.

A possible reason for the qualitative difference between
the theoretical models of Costa et al. and Bergqvist et al. is
that only in the latter case interlayer distances were relaxed
to achieve a minimum of the total energy. Given the
sensitivity of the exchange coupling on the interatomic
distances we consider this to be the likely cause for the
qualitative difference between the two theories. In sum-
mary, we have shown that a careful study of the dispersion
of the two types of spin wave modes as a function of the
layer thickness has the potential to discriminate between
theoretical models and to point out key requirements for a
theory to match experiment.

The authors have benefited from enlightening discus-
sions with A. T. Costa, S. Lounis, C. Etz, and L. Bergqvist.
The able technical support of B. Kiipper is gratefully
acknowledged.
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