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Quest for magnons in ultrathin nickel films
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High-momentum spin waves (magnons) in ultrathin films of cobalt and iron have been explored thoroughly
using inelastic scattering of low-energy electrons. The search for magnons in ultrathin nickel films failed, however,
although high-energy magnons do exist in bulk nickel. The failure might be due to the weak coupling of nickel
magnons to scattering electrons. In order to increase the coupling we deposited layers of cobalt onto Ni films and
successfully studied the magnons of such films. The acoustic modes show the same dispersion as pure Co films,
which is consistent with the nearly identical stiffness of bulk magnons in nickel and cobalt. Standing magnons in
Ni films covered with Co are strongly damped at the Ni/Cu(100) interface when their total wave vector exceeds
about 3 nm−1.
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I. INTRODUCTION

Despite their delocalized (“itinerant”) nature, 3d electrons
of iron, cobalt, and nickel sustain high-momentum spin waves
(magnons). Early experimental evidence for magnons in bulk
material stems from inelastic neutron scattering [1–3]. Already
in 1967 Mills proposed to employ inelastic scattering of
low-energy electrons to investigate high-momentum magnons
at surfaces and in thin films [4]. It took, however, several
decades to overcome the technical difficulties involved in high-
resolution/high-sensitivity inelastic electron scattering until
the first successful study on thin-film magnons was performed
[5]. In the years to follow numerous studies were published
on ultrathin films of fcc cobalt [6,7], iron [8–11], and FeCo
films [12,13]. Because of the limited energy resolution, the
experimental data base was initially confined to wave vectors
above q‖ ≈ 3 nm−1. In that range, the lifetime of magnons
is extremely short (<100 fs) [14,15]. Consequently, the N

eigenmodes of an N -layer film overlap to become a broad
feature, which cannot be disentangled into individual modes.
Partly because of this problem, many early studies focused on
single-atom-layer films which sustain only a single magnon
mode (see, e.g., [15,16]). With further improvements of ded-
icated electron spectrometers [17,18], experimental studies
could be extended to magnons with wave vectors between
q‖ = 1 nm−1 and q‖ = 3 nm−1. In that range, the lifetime of
magnons is longer so that in addition to the acoustic mode one
or two of the standing modes of a film become distinct features
in energy-loss spectra [6,19–21]. These standing modes are
likewise characterized by a wave vector q‖ and additionally
by one to N − 1 nodes inside the film. The energy of the first
standing mode with a single node inside the film roughly scales
inversely proportional to the square of the thickness of the layer
[6,19].
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Because of the small damping of modes with wave vectors
below 3 nm−1, the eigenmodes of films are adequately and
surprisingly well described in the Heisenberg model of local-
ized spins. Even shapes of spectra can be modeled when the
finite penetration depth of low-energy electrons and the finite
lifetime of magnons are properly taken into account [22].

According to neutron scattering the exchange stiffness of
bulk magnons of nickel and fcc cobalt is nearly the same
(3.74 meV nm2, 3.84 meV nm2, respectively) [2,3,23]. Thin
films of Ni grow epitaxially on Cu(100) [24]. The Curie
temperature rises with the film thickness and lies above 300 K
beyond a film thickness of about four atom layers [25,26]. The
magnetization undergoes a gradual reorientation from parallel
to perpendicular around a film thickness of eight atom layers
[25–27].

In view of these results one would expect to see a magnon
response also in inelastic electron scattering from nickel films.
Rajeswari has made an attempt to find magnons in ten-atom-
layer epitaxial Ni films on Cu(100) [28] but, however, failed
to see any in the investigated range of wave vectors between
4 nm−1 and 8 nm−1. In a further experiment of Rajeswari et al.
[29], a film of eight fcc Co layers deposited on Cu(100) was
covered by up to four layers of Ni. The only noticeable effect
of the Ni film on the magnon response (at q‖ = 7 nm−1) was
a reduction of the intensity of the cobalt magnon signal. The
intensity decays exponentially with the thickness of the Ni
film and is quantitatively described by the mean free path of
electrons in nickel [30]. Furthermore, in the course of this study
we have searched for magnons in Ni films in the low-wave-
vector range q‖ < 3 nm−1 that is now accessible, however in
vain.

The negative result of all these experiments suggests that
magnons in ultrathin Ni films are either drastically damped
or their cross section for inelastic scattering is much smaller
than for cobalt and iron films. A large damping concomitant
with a reduced magnon energy is predicted by theory for an
epitaxial single atom layer of Ni on Cu(100) [31]. It is not
known, however, to what extent magnons in thicker Ni layers
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FIG. 1. Classical precession amplitudes of the two lowest eigen-
modes of a six-layer film (a) with homogenous exchange coupling
shown as red bars (see text for details).

are also affected. However, one would expect the damping to
be primarily an interface effect and thus to gradually disappear
for thicker films.

A small cross section for inelastic electron scattering from
Ni films is plausible as the cross section should scale with the
square of the magnetic moment [32]. Magnetic moments of
seven-atom-layer fcc epitaxial films of Co and Ni on Cu(100)
surfaces have been calculated by Hjortstam et al. [33]. For
the center layer they find 0.59 μB and 1.63 μB for Ni and Co,
respectively. These numbers are in agreement with polarized
neutron reflection experiments [34]. The intensity of magnons
in the spectra of Ni films should therefore be one-eighth of
that of Co magnons. The analysis of the spectra of Ni films
by Rajeswari [28] suggests that the cross section must be even
smaller.

II. CONCEPT OF THE EXPERIMENT

To explore the role of the cross section we study electron
energy-loss spectra of Ni films covered by a few atomic layers
of cobalt with the idea that cobalt would provide the coupling to
the scattering electrons, whereas the spectra should reflect the
exchange coupling between the Co atoms as well as between
the Ni atoms below. Since bulk magnons of cobalt and nickel
have a similar stiffness, one expects the magnon modes of
the composite film to be reasonably well represented by the
Heisenberg model with homogeneous exchange coupling con-
stants. Figure 1 illustrates the classical precession amplitudes
of the two lowest eigenmodes of a six-layer film [Fig. 1(a)] with
homogenous exchange coupling. The wave vector parallel to
the surface is q‖ = 1.8 nm−1. For higher wave vectors near the
boundary of the Brillouin zone, the two modes mix to becomes
modes localized at the surface and interface, respectively. In the
context of this paper we are interested in the low-wave-vector
range, since only in that range magnons are well-defined
excitations in itinerant magnets.

The lowest energy mode is the acoustic mode [Fig. 1(b)].
Disregarding small anisotropy effects of the order of 0.1 meV,
its energy becomes zero at q‖ = 0, as at q‖ = 0 the mode

FIG. 2. Illustration of the investigated layer systems.

corresponds to a uniform magnetization. The next mode higher
up in energy is the first standing with one node in the precession
amplitude [Fig. 1(c)]. If the center of the film is a mirror plane,
modes are either even or odd with respect to the center plane
and the node is therefore in the center plane. Higher-energy
standing modes with two or more nodes are not observed
on Cu(100) because of their large damping. They are found,
however, in epitaxial cobalt films on W(110) [19].

In a first set of experiments we have fabricated two types
of six-atom-layer films on Cu(100), one with four atomic
layers of nickel covered by two layers of cobalt [denoted as
Ni4Co2, Fig. 2(a)]. A second one comprised of three nickel
layers topped by three layers of cobalt [Ni3Co3, Fig. 2(b)].
We find the acoustic mode of the Ni4Co2 and Ni3Co3 films
to possess the same dispersion as a six-atom-layer cobalt
film [Fig. 2(c)]. Since two- and three-atom-layer Co films on
Cu(100) exhibit no magnons and magnons with a reduced
stiffness, respectively, we conclude that the Ni layers do
participate in the magnon spectrum and that the exchange
interaction between the Ni atoms of the film is comparable
to the exchange between cobalt atoms. This is one main result
of this paper.

Surprisingly, however, the characteristic standing mode
of a six-layer film [Fig. 1(c)] is not found in Ni3Co3 and
Ni4Co2. In order to explore further the role of Ni layers under
the Co film we have deposited thicker Co layers (Co6 and
Co8) on Cu(100)/Ni3 and Cu(100)/Ni5 substrates [Figs. 2(e)–
2(g)]. Now intense signals of the first standing mode of the
Ni3Co6 and Ni3Co8 films are found with a dispersion curve
characteristic for standing waves. The dispersion curves fall
below the dispersion curves of Co6 and Co8 deposited directly
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on Cu(100) [Figs. 2(c) and 2(d)]. An analysis of the standing-
wave dispersion of the systems depicted in Figs. 2(e)–2(g)
based on the Heisenberg model shows that the dispersion
is approximately the same as for pure cobalt films with an
effective film thickness increased by two atom layers. We
therefore conclude that about two Ni layers adjacent to the
cobalt layers participate in the standing mode excitation. The
finite penetration depth of magnons into the Ni film as well
as their absence in spectra of Ni4Co2 [Fig. 2(a)] and Ni3Co3

[Fig. 2(b)] is attributed to a strong, wave-vector-dependent
damping of the standing magnons at the Ni/Cu interface. The
reduced magnetic moment of Ni at the Cu interface [35] may
also contribute.

The paper is organized as follows. The next section de-
scribes experimental technique and sample preparation. Since
the quality of the spectra depends critically on the quality
of the deposited films, the section discusses some details of
the preparation and characterization of the films. Section IV
shows results for Ni4Co2 and Ni3Co3 films [Figs. 2(a) and
2(b)]. The results for thicker Co layers deposited on Ni3 films
and Ni5 films [Ni3Co6,Ni3Co8, and Ni5Co8, Figs. 2(e)–2(g)]
are presented in Sec. V. Section VI analyzes the dispersion
of the acoustic and standing modes of the films with the help
of the Heisenberg model and compares the results to theory.
Section VII provides a summary.

III. EXPERIMENT

The electron-energy-loss spectrometer used in our experi-
ments is of the type described in [18,36], equipped with a new,
more compact electron emission system. The spectrometer is
operated at <3 meV and ∼4 meV resolution, depending on
the sharpness of the magnon features of interest. The electron
impact energy was E0 = 2.25 eV. The wave vector parallel to
the surface q‖ is determined by making use of wave-vector
conservation, which for an energy loss is

q|| = k(f) sin(θ (f)) − k(i) sin(θ (i)). (1)

Here, k(i) and k(f) are the moduli of k vectors of the incident
and scattered electron, respectively, and q(i) and q(f) are the
angles with respect to the normal of the surface (Fig. 3). The
desired wave vector of the magnon parallel to the surface is
chosen by rotation of the sample around the axis vertical to the
scattering plane spanned by the vectors k(i) and k(f).

Spectra are recorded at fixed rotation angle. Since the
electron impact energy is relatively low, the true wave vector
varies slightly with the magnitude of the energy loss. For
example, for E0 = 2.25 eV, a nominal wave vector of q‖ =
2 nm−1, and an energy loss of 15 meV the true wave vector is
1.97 nm−1.

The films are prepared by e-beam-assisted evaporation from
Ni and Co rods onto Cu(100) substrates at room temperature.
The film thicknesses are calibrated vs the ion current of the
evaporator via the oscillations in the intensity of reflected
3-keV electrons at grazing incidence (“MEED oscillations”)
[7,19,22]. A quartz microbalance calibrated vs the intensity
oscillations is also employed for in-between checks.

The lateral order of the films is probed by low-energy-
electron diffraction (LEED). As an example, Fig. 4 shows the
LEED pattern of a six-layer film of the type Ni3Co3.

FIG. 3. Illustration of the scattering geometry.

A good measure of disorder is the elastic diffuse scattering.
In the ideal case of perfect order, the intensity outside the
diffracted beams is entirely due to inelastic processes, pre-
dominantly due to phonon scattering. When measured with an
instrument of high energy resolution enabling the separation of
the true elastic scattering from phonon scattering, the intensity
outside the diffracted beam is proportional to the disorder in
the film; it depends, however, also on the type of disorder. For
epitaxial films with sufficiently low contamination levels the
disorder is mainly in the form of atomic steps.

Figure 5 displays an example of the elastic intensity as
function of the lateral wave-vector transfer q‖ for two different
films, an eight-layer Co film and a Ni4Co4 film (red open
squares and blue circles, respectively). The films are annealed
after deposition to temperatures up to 450 K for 15 min. At this
temperature the surface diffusion of Co atoms across steps is
large enough to initiate smoothening of the surface and thereby
a reduction of the density of surface steps. As shown in [21],
this procedure reduces the density of surface steps while still
no copper creeps to the surface.

FIG. 4. LEED pattern at 167 eV of a Ni3Co3 film (total of six
layers).
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FIG. 5. Elastic intensity as function of the wave-vector transfer
for an eight-layer Co film Co8 and a Ni4Co4 film is shown as red open
squares and blue solid circles, respectively. The blue dashed line is a
simulation assuming that the diffuse scattering is caused by a random
array of steps with a mean terrace width w = 45 nm.

The intensity plotted in Fig. 5 is normalized to the specular
beam (q|‖ = 0 nm−1). Near specular direction the intensity
is measured by using the channeltron electron multiplier as
a Faraday cup connected to a pico-amperemeter; farther off
the specular beam the intensity is measured as the electron
count rate. The blue dashed line in Fig. 5 is the result of
a calculation of the elastic surface scattering from a (100)
surface with a random distribution of up and down steps (see
[21] for details). The assumed mean terrace width is 180
atom lengths (equivalent to w ≈ 45 nm). The theoretical result
approximately matches the experimental data in the entire
momentum range. The results displayed in Fig. 5 demonstrate
that the Ni4Co4 film is nearly as well ordered as the eight-layer
Co film.

IV. RESULTS FOR Ni3Co3 AND Ni4Co2

Characteristic energy-loss spectra for two different six-layer
films, Co6 and Ni3Co3, are displayed in Fig. 6. The impact
energy is 2.25 eV. The nominal wave vector is q‖ = 1.8 nm−1,
oriented along the [110](�̄ X̄) direction. The open red squares
show the elastic diffuse lines with the FWHM marking the
resolution. The intensities of energy losses h̄ω scale with
n(h̄ω,T ) + 1, where n is the Bose occupation number. The
spectral density is therefore recovered from the data by dividing
the energy-loss spectrum by n(h̄ω,T ) + 1 (blue circles in
Fig. 6).

The solid blue lines are fits by a Gaussian for the tail of
the elastic peak, Lorentzians for the magnons, and a constant
background. The Co6 film [Fig. 6(a)] shows the acoustic mode
at 13 meV and the first standing mode at 33 meV [6,21]. The
standing mode is missing in spectrum (6b), which is for the
Ni3Co3 film, while the acoustic mode remains at 13 meV and is
as sharp and intense as for pure Co. The same result is obtained

FIG. 6. Magnon spectra for Co6 and Ni3Co3 films deposited on
Cu(100). The spectra are corrected for the Bose occupation number.
Data accumulation time is 6 s/channel. The Co6 spectrum is obtained
with less resolution to boost the intensity of the intrinsically broader
standing mode.

for a four-layer Ni film covered by two atom layers of Co
(Fig. 7).

Three-atom-layer-thick Ni films on Cu(100) without Co
layers on top have a Curie temperature of about 180 K [25].
To ensure that the absence of the standing mode in the Ni3Co3

and Ni4Co2 systems is not related to a loss of long-range order
due to a low Curie temperature of the films, we have studied
spectra at lower temperatures. Figure 7 compares the result for
a Ni4Co2 film at 300 K and 90 K. When corrected for the Bose
occupation number, the magnon spectra of the Ni4Co2 film at
300 K and 90 K are identical.

Figure 8 shows the dispersion of the acoustic modes for
the Ni3Co3,Ni4Co2,Co6, and Co3 films as red squares, ma-
genta diamonds, olive triangles, and blue inverted triangles,
respectively. Within the error margins, dispersion curves for
Ni3Co3,Ni4Co2, and Co6 are identical, whereas the data for
the Co3 layer fall below the data of the six-layer films.

The Curie temperature of a three-layer cobalt film is still
well above room temperature (600 K [37]). The reduced
magnon energies are therefore not to be attributed to a low
Curie temperature but rather to the larger influence of surface
and interface in three-layer films. A two-layer cobalt film
on Cu(100) does not sustain magnons at room temperature,
since then the Curie temperature is only about 300 K [37].
The Ni4Co2 film possesses well-defined acoustic magnons
therefore only because of the Ni layers underneath.
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FIG. 7. Magnon spectra of a Ni4Co2 film corrected for the Bose
occupation number at 300 K and 90 K. The acoustic mode is at the
same energy at both temperatures.

The dispersion of acoustic magnons for small wave vectors
is described by a quadratic dependence of the magnon energy
h̄ω on the wave vector q‖:

h̄ω = Dq2
||, (2)

in which D is called the exchange stiffness of magnons.
Equation (2) neglects small Dzyaloshinsky-Moriya [38,39]
effects as well as anisotropy effects and higher-order terms. The

FIG. 8. Dispersion data of the acoustic mode of four different
films, Ni3Co3, Ni4Co2, Co6, and Co3, are shown as red squares,
magenta diamonds, olive up triangles, and blue down triangles. The
dashed line is a common parabola fit to Ni3Co3, Ni4Co2, and Co6

according to Eq. (2), the solid line the same fit to the three-layer Co
film.

dashed line in Fig. 8 marks the q2
|| dependence for the acoustic

modes in Ni4Co2,Ni3Co3, and Co6 films. The stiffness for these
three types of films is 3.7 meVnm2. The exchange stiffness for
the three-layer Co film (blue down triangles in Fig. 8) is about
15% lower (3.2 meVnm2). Since the amplitude of the acoustic
magnon is (at least roughly) homogeneous across the film, the
identical stiffness for Co6,Ni3Co3, and Ni4Co2 films entails
that the Ni layers have about the same exchange coupling as the
cobalt layers. Furthermore, the stiffness of magnons in the film
is about equal to the stiffness of bulk magnons in Ni and fcc Co
(3.74 meV nm2, 3.84 meV nm2 [23], respectively). Finally, the
damping of magnons of Ni3Co3 and Ni4Co2 films with small
wave vectors parallel to the surface is about as small as it is for
Co films (see Fig. 6).

Thus, when considering merely the acoustic mode one is
lead to the conclusion that the exchange coupling in nickel
and cobalt films is alike not only in bulk material but also in
thin films. The absence of a magnon signal in the energy-loss
spectra of pure nickel films is therefore to be attributed entirely
to a small cross section for inelastic electron scattering in the
case of nickel.

What remains a mystery at this point is the complete absence
of a spectral signature of standing magnons in Ni3Co3 and
Ni4Co2 films (Figs. 6 and 7). In order to learn more about this
mystery, three- and five-layer nickel films covered with thicker
cobalt films are studied in the next section.

V. RESULTS FOR Ni3Co6, Ni3Co8, AND Ni5Co8

Figure 9 shows three spectra for an eight-layer cobalt film,
(a) deposited directly on Cu(100) and (b, c) deposited on top of
a three- and five-layer nickel film on Cu(100), respectively. The
nominal wave vector is q‖ = 1.8 nm−1. Now, with the thicker
cobalt films standing modes show up. Compared to the pure
cobalt film the modes are downshifted in energy (see dashed
line), which is qualitatively consistent with the larger total
number of layers, as the energy of the standing wave is lower
the larger the number of atom layers in the film. Surprisingly,
however, the magnitude of the downshift is identical for the
Ni3 and Ni5 underlay. Dispersion curves of the acoustic mode
and the lowest standing mode of Co6 and Ni3Co6 films and
of Co8 and Ni3Co8 films are shown in Figs. 10(a) and 10(b),
respectively. The range of wave vectors is smaller than for
thinner films for the following reason: A lower limit is set by
the increasing elastic diffuse intensity at small q‖ (see Fig. 5).
The upper limit is caused by the merging energies of standing
and acoustic modes. Within that window, the dispersion of the
acoustic mode is identical for all films. The downshift of the
standing mode by the Ni underlay concerns the entire range
in which the standing mode could be probed. The downshift
is larger for the six-layer Co film [Fig. 10(a)]. The lines in
Figs. 10(a) and 10(b) are calculated in a nearest-neighbor
Heisenberg model, which is considered in the next section.

VI. DISCUSSION

The downshift of the standing waves with the Ni underlay
is qualitatively consistent with a larger number of layers
participating in the standing wave motion. The fact that the
downshift does not continue when the Ni underlay is thicker
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FIG. 9. Sample spectra of Co8, Ni3Co8, and Ni5Co8 films for a
wave vector ofq‖ = 1.8 nm−1. The acoustic mode has the same energy
in all three films (dash-dotted line) are shown in (a), (b), and (c),
respectively. All spectra show a standing mode. In films with a nickel
underlay (b), (c) the energy is downshifted (dashed line).

[Fig. 9(c)] seems to indicate that only Ni layers adjacent to
Co participate. A full understanding of this effect requires
theory that takes the interaction of magnons with spin-flip
single-electron excitations (Stoner excitations) into account,
which is far beyond the scope of this experimental study. In
order to describe the dispersion curves in Fig. 10 and to obtain
at least a hint as to the reason for the absence of standing
waves in Figs. 6 and 7 we resort to the Heisenberg model.
The model neglects the role of Stoner excitations and thereby
Landau damping all together and is therefore not to be used to
describe higher-wave-vector magnon excitations (for a critical
discussion see [40]). It is, however, suitable to describe the
dispersion of magnons in the low-wave-vector range [22].

Earlier studies on cobalt films have found exchange cou-
pling constants to depend on the position of the layers relative
to the surface and interface (see, e.g., [41,42]). Such calcula-
tions are not available for the complex NiCo films studied here.
For a heuristic description of the dispersion curve it suffices to
consider a simple nearest-neighbor Heisenberg model.

For a (100)-oriented N -layer fcc film along the �X[110]
direction the secular equation is

⎛
⎜⎜⎜⎝

α1 − E β1 0 0

β1 α2 − E β2 0

0

0 βN−1 αN − E

⎞
⎟⎟⎟⎠

⎛
⎜⎜⎜⎝

A1

A2

AN

⎞
⎟⎟⎟⎠ = 0,

(3)

FIG. 10. (a) Dispersion data for the acoustic and standing modes
of Co6 (red solid circles and squares, respectively) and Ni3Co6 (open
blue circles and squares, respectively). (b) Data for the acoustic and
standing modes of Co8 (red solid circles and squares, respectively)
and Ni3Co8 (open blue circles and squares, respectively). The lines
are calculated in a Heisenberg model (see text for discussion).

in which E is the reduced energy

E = h̄ω/8J. (4)

The coefficients αn and βn are

α1 = 0.5(1 − cos q||a) + C12,β1 = −C12 cos q||a/2α2

= 0.5(1 − cos q||a) + C23 + C12,

αn>2,�=N = 0.5(1 − cos q||a) + Cn,n+1 + Cn,n−1 βn>1

= −Cn,n+1 cos q||a/2αN

= 0.5(1 − cos q||a) + CN,N−1. (5)

Here, a is the surface lattice constant of the film (a =
0.256 nm). The coefficients Cn,n+1 permit the interlayer ex-
change coupling between layer n and layer n + 1 to be different
from the intralayer coupling. We assume all the intralayer and
interlayer exchange coupling constants to be equal (J = 19
meV) with the exception of the interlayer coupling between the
N th Co layer next to the interface to copper and the penultimate
Co layer. This interlayer coupling is set to JN, N−1 = 3.2 meV.
Despite its simplicity, the model describes the dispersion of
the acoustic and standing modes of the pure cobalt films
surprisingly well, independent of the thickness of the film
[dash-dotted and solid lines in Figs. 10(a) and 10(b)].

We remark in passing that the choice of parameters is not
unique. For example, one could split the softening of the
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FIG. 11. Comparison of spectra at q‖ = 1.8 nm−1 for the Ni3Co8

and Ni3Co6 films. The standing wave for the latter film is significantly
more damped.

exchange coupling to occur at both the interface and at the
surface and would obtain the same set of dispersion curves.

To probe the hypothesis that only a few layers of the
underlying Ni films contribute to the dispersion, we calculate
the dispersion curves with the same parameters for N = 8
and N = 10 layers, thereby assuming that the two Ni layers
adjacent to the Co layers are exchange coupled as if they
were Co layers. The resulting dispersion curves match the
experimental data for Ni3Co6 and Ni3Co8 [dashed blue lines
in Figs. 10(a) and 10(b)].

A plausible reason as to why only about two layers should
contribute could be that standing magnons are damped inside
the Ni film. Strong damping could also be the reason for the
absence of standing waves in spectra of Ni3Co3 and Ni4Co2

films. If so, then the damping should be larger the thinner the
cobalt layer on top of a nickel layer. Figure 11 compares spectra
of Ni3Co8 and Ni3Co6 films [see Figs. 2(e) and 2(f)] obtained
at q‖ = 1.8 nm−1. Clearly, the damping is much stronger for
Ni3Co6, which has the thinner cobalt layer on top [Fig. 11(b)].

At this point it is useful to consider that a standing mode of a
film (Fig. 1) is roughly equivalent to a mode with a wave-vector
component perpendicular to the film plane. This perpendicular
component is approximately

q⊥ = π

Nd
, (6)

in which N is the number of layers and d the interlayer distance
[Fig. 1(c)]. With d ≈ 0.17 nm [24,43], one obtains perpen-
dicular wave vectors q⊥ = 3.08 nm−1, q⊥ = 2.05 nm−1, and
q⊥ = 1.68 nm−1 for six-, nine-, and eleven-atom-layer films.

The total wave vector of the standing mode is then

q = (q2
⊥ + q2

||)
1/2. (7)

For the six-, nine-, and eleven-layer films and a parallel
component of the wave vector of q‖ = 1.8 nm−2 one there-
fore has total wave vectors of 3.57 nm−2, 2.73 nm−2, and
2.46 nm−2, respectively. Standing waves with a total wave
vector q = 2.73 nm−2 and q = 2.46 nm−2 are seen in the
spectra of nine- and eleven-layer films (e.g., in Fig. 11), while
standing waves with a total wave vector of q = 3.57 nm−2

are not seen in spectra of six-layer films (Figs. 6 and 7).
Assigning the failure to see standing modes for the Ni3Co3

and Ni4Co2 six-layer films to high damping therefore entails
that a steep increase in the damping must exist somewhere
between q = 2.7 nm−1 and 3.5 nm−1.

Such a steep increase of the damping was found in a
theoretical study of Buczek et al. [31] for acoustic modes in
Ni monolayers deposited on Cu(00). The authors compared
magnons in single atom layers of nickel, cobalt, and iron
on Cu(100) using time-dependent density functional theory.
While for Co monolayers on Cu(100) the magnon dispersion is
comparable to a freestanding Co layer and the damping remains
moderate, the supported Ni layer shows a drastic reduction of
the magnon energy accompanied by a dramatic increase of the
damping. The effect is attributed to a reduction of the exchange
splitting, a smaller magnetic moment, and a larger energy
width of the Stoner continuum when the Ni film is in contact
with Cu(100) [31]. According to the calculations, the magnon
damping in the Cu-supported Ni layer is a steep function of the
wave vector q‖. Beyond about q‖ = 3 nm−1 the FWHM of the
magnon response becomes larger than the peak energy (Fig. 16
in [31]) and the magnons cease to be defined excitations. While
the theoretical study of Buczek et al. so far concerns merely the
damping of the acoustic mode in a Ni monolayer, the reason-
ing of Buczek et al. makes a strong, wave-vector-dependent
damping of standing modes at the interface also likely.

VII. SUMMARY

The dispersion of the acoustic mode of Ni3Co3 and Ni4Co2

layers shows that the Ni layers contribute with about the same
exchange coupling as the Co layers. This is in agreement
with the fact that bulk magnons in Ni and fcc Co have the
about same stiffness. The failure to see magnons in nickel in
previous studies is therefore attributed to a small cross section
for inelastic electron/magnon scattering in nickel.

The absence of a standing wave in spectra of Ni3Co3

and Ni4Co2 films as well as the standing-wave spectra of
Ni3/5Co5/8 Ni films can possibly be understood as resulting
from a strong damping of standing waves at the interface to
copper when the total wave vector exceeds about 3 nm−1. An
extension of the theoretical study of Buczek et al. to thicker
layers is needed to fully resolve the issue.
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