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The experimental investigations of the mag-
netic interactions in an atomically thin magnetic
layer are essential to understand the physics of
low-dimensional magnets. The full spectrum of
collective magnetic excitations (magnons) would
provide an access to these fundamental interac-
tions on the atomic scale. Here in order to be
able to excite the magnons by means of spin-
polarized electrons we couple a Ni monolayer to
one and two atomic layers of Co and probe the
full experimental magnon dispersion relation up
to the Brillouin zone boundary. Comparing to
the results of ab initio calculations we quantify
the complex pattern of the magnetic exchange
interaction in the Ni monolayer. We show that
although the magnons in this system are rather
stiff, the Heisenberg exchange coupling between
the Ni spins is weak. We unravel the origin of the
observed large magnon stiffness constant being a
consequence of the small spin density of the Ni
atoms.
The collective excitations of magnetic solids can be de-
scribed by their representative quasi-particles, called
magnons. Of particular interest are the high wavevec-
tor magnons, since they are governed by the magnetic
exchange interaction between neighboring spins [1]. This
interaction, also known as Heisenberg exchnage interac-
tion (HEI), is indispensable for understanding many phe-
nomena in magnetism [2–4]. The Heisenberg spin Hamil-
tonian describing this fundamental interaction is usually
given by HHEI = −

∑
i̸=j JijSi · Sj , where the exchange

parameter Jij , describes the interaction between atomic
spins Si and Sj sitting on sites i and j. The pattern
of HEI in low-dimensional itinerant magnets can be very
complex [5–9]. Fortunately, probing the full magnon dis-
persion relation provides a direct and unambiguous way
of resolving the complex pattern of HEI [9–11].

Several experimental techniques based on the inelastic
scattering of neutrons, photons and electrons have been
successfully implemented to probe magnons in bulk and
ultrathin films of Fe and Co down to the monolayer and
even submonolayer regime. However, so far it has been
challenging to probe the full magnon dispersion relation
in Ni, in particular a Ni monolayer. This may have sev-
eral reasons. (i) The inelastic scattering cross-section of
neutrons as bulk probes by magnons scales with the mag-

netic form factor which, in turn, is directly related to the
spin density of the unit cell. Owing to its rather small
magnetic moment and its itinerant magnetism character,
Ni has not been in the favor of the neutron scattering
experiments [12]. The magnon spectrum of bulk Ni has
only been measured over a very small range of momentum
[13–15]. (ii) Likewise, resonant inelastic x-ray scattering
experiments have been limited by effects associated with
the x-ray fluorescence [16]. In the most recent exper-
iments only a small fraction of the Brillouin zone (BZ)
could be covered [17]. (iii) Theoretical calculations of the
inelastic electron scattering cross-section have revealed
that due to the small exchange splitting and the pres-
ence of Stoner excitations at low energies it is practically
not feasible to measure the magnon dispersion relation in
Ni thin films and at Ni surfaces when using electrons as
probing particles [18]. All these together have made the
full magnon dispersion relation in Ni inaccessible. Given
the fact that the neutron and x-ray scattering techniques
do not have the monolayer sensitivity the experimental
magnon spectrum as well as the magnetic exchange pa-
rameters in a Ni monolayer have remained hitherto fully
unknown. Meanwhile, however, the theory of magnetic
excitations has been well advanced [2, 3, 19–28]. In or-
der to verify the validity of the theoretical approaches,
the authors had to compare their results to the only one
available set of the experimental data, which covers a
very small fraction of the Brillouin zone [13–15].

The magnons and the fundamental magnetic interac-
tions in the Ni monolayer are also of great interest in the
context of unconventional topological superconductivity
in the Bi/Ni bilayer, where the interfacial Ni magnons
are proposed to be responsible for the superconducting
pairing mechanism being of dxy ± idx2+y2 character [29].

Besides their importance for the fundamental un-
derstanding of the physics of low-dimensional solids,
magnons are also of great interest to the field of magnon-
ics, where the idea is to use the magnons as information
carriers [30–33].

In this Letter by performing spin-polarized high resolu-
tion electron energy-loss spectroscopy (SPHREELS) ex-
periments on specifically designing multilayer structures
we probe, for the first time, the full dispersion relation of
the magnon mode, which is partially localized in the Ni
monolayer. We show that the Ni magnons are rather stiff
and show a notable dispersion relation up to the surface
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FIG. 1. (a) Typical SPHREELS spectra recorded on the
Co/Ni/Ir(001) structure at |q∥| = 0.7 Å−1. The spectra
were recorded at the incident energy of Ei = 10 eV and at
room temperature. The red and blue spectra, denoted by
I↓ and I↑, were recorded with the spin polarization vector
of the incident electron beam being parallel and antiparallel
to the magnetization M, respectively. The difference spec-
trum I↓ − I↑ is shown by the green color. The scattering
geometry is schematically illustrated in the inset. The energy
and wavevector of the incident (scattered) beam are shown
by Ei and ki (Ef and kf ), respectively. (b) A series of differ-
ence spectra recorded for different magnon wavevectors |q∥|
ranging from 0.25 to 0.90 Å−1. The excitation energy (peak
position) is marked by the black circles.

BZ boundary. This is in sharp contrast to the results of
the Fe monolayer on the same substrate or onW(110) and
Pd(001), where the magnons are found to be rather soft.
Comparing the results to those of first-principles calcu-
lations we shall comment on the observed large magnon
stiffness constant. Moreover, we will provide the complex
pattern of HEI in the Ni monolayer.

We have shown earlier that in multilayer structures the
spatial localization of the magnons depends on the pat-
tern of Jij [9, 34]. Under some circumstances one may
selectively excite magnons which are localized either pre-
dominantly at the surface or interface, or almost equally
at both. Moreover, previous investigations have revealed
that the excitation cross-section of magnons with elec-
trons is the highest when the sample surface is composed
of Co atoms [34–40]. Hence, in order to substantially en-
hance the magnon excitation cross-section we cover the
Ni monolayer with one and two atomic layers of Co and
designed the following multilayers: Co/Ni/Ir(001) and
2Co/Ni/Ir(001). A similar idea has recently been used
to probe the standing spin waves with a parallel momen-
tum q∥ < 0.3 Å−1 in Co/Ni multiyers composed of several
atomic layers [41, 42].

All the sample preparation and magnon spectroscopy
experiments were performed under ultrahigh vacuum
conditions. We first examine the Co/Ni/Ir(001) epitax-
ial system. The surface of Ir(001) was cleaned using the
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FIG. 2. The magnon dispersion relation of (a) Co/Ni/Ir(001)
and (b) 2Co/Ni/Ir(001). The calculated magnon dispersion
relation is shown for two cases: without (light-blue) and with
(dark-blue) considering the reconstruction of the Ir surface.
The lower insets show a schematic representation of the struc-
tures. The upper inset in (a) shows the surface BZ.

standard cleaning procedure, described in details in Refs.
[34, 43, 44]. The procedure leads to a well-ordered (1×5)
reconstructed surface. The Ni and Co monolayers were
epitaxially grown by molecular beam epitaxy at room
temperature. Figure 1(a) shows typical SPHREELS
spectra recorded on the Co/Ni/Ir(001) structure at a
wavevector of |q∥| = |∆k∥| = |ki∥ − kf∥| = 0.7 Å−1,
where ki∥ and kf∥ denote the parallel momentum of the
incoming and outgoing beam, respectively [see the inset
of Fig. 1(a)]. The spectra were recorded for the two pos-
sible spin orientations of the incoming electron beam, i.e.,
parallel (I↓, red color) and antiparallel (I↑, blue) to the
sample magnetization M. Due to the conservation of the
total angular momentum during the scattering event, the
magnons are only excited by incidence of minority elec-
trons (electrons with their spin parallel to M). Hence,
the difference spectrum I↓ − I↑ includes all the infor-
mation regarding the magnons excitation energy (or fre-
quency) [45, 46] and lifetime [47–49]. In this experiment
M was parallel to the [110]-direction and the magnon
wavevector q∥ was along the [110]-direction. This corre-
sponds to the Γ̄–X̄ of the surface BZ. The magnon disper-
sion relation was probed along this symmetry direction.
Different magnon wavevectors were achieved by chang-
ing the scattering angles θi and θf . A series of differ-
ence spectra recorded for different values of |q∥| ranging
from 0.25 to 0.90 Å−1 is shown in Fig. 1(b). The re-
sults clearly indicate that the measured magnon mode
exhibits a rather stiff dispersion, similar to the stand-
ing spin waves in thick ferromagnetic layers [50]. The
resulting magnon dispersion relation is summarized in
Fig. 2(a), representing the the acoustic magnon mode of
the system. In order to experimentally verify the par-
tial localization of this mode in the Ni monolayer and to
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ensure that the dispersion relation is governed by the ex-
change parameters in both Ni and Co layer, we added an-
other Co monolayer on top of the structure and probed,
once more, the magnon dispersion relation. The results
of the 2Co/Ni/Ir(001) multilayer are shown in Fig. 2(b).
The very similar dispersion relation for the two systems is
an indication that the probed magnon mode is partially
localized in the Ni monolayer. However, comparing the
results to those of Fe monolayer on W(110) [7, 51–53] and
Pd(001) [54, 55], or those of buried Fe monolayer on the
same substrate [34, 56], one realizes that in the present
case the magnon dispersion relation is very stiff. This is
surprising, since it has been found theoretically that both
HEI and the Curie-temperature of Ni are much smaller
than those of Fe and Co [2, 3, 19, 27].

In order to quantify the strength of HEI and to unravel
the origin of the probed magnon mode we resort to the
first-principles calculations of the magnetic exchange pa-
rameters in both Co/Ni/Ir(001) and 2Co/Ni/Ir(001) sys-
tems. Our first-principles calculations are based on den-
sity functional theory and the fully relativistic Korringa-
Kohn-Rostoker electronic structure method. In this ap-
proach the values of Jij are computed within the frame-
work of the magnetic force theorem [57]. The experimen-
tal lattice parameters were used as the input of the first-
principles calculations. The calculations provide most
of the magnetic parameters of the systems including the
matrix of Jij . The magnon dispersion relation was then
computed based on the Jij-matrix. The results of calcu-
lations for the two systems are summarized in Fig. 2. The
calculated magnon dispersion relation agrees well with
the experimental results. Moreover, similar to the exper-
iment the calculations indicate that the acoustic magnon
mode of the two systems is very similar. To unravel the
origin of different magnon modes we also calculated the
magnon Bloch spectral function (BSF) and the magnon
density of states (DOS). When these quantities are pro-
jected onto different layers they would provide an access
to the spatial localization of different magnon modes. In
Fig. 3 we provide the magnon BSF and DOS for the
Co/Ni/Ir(001) structure (the results of 2Co/Ni/I(001)
are presented in Supplemental Figure S1 [58]). The pro-
jected BSF of the two magnon modes, shown in Fig. 3,
indicates that the spectral weight of the acoustic magnon
mode near the high symmetry X̄ and M̄ points as well as
along the X̄–M̄ path is the highest when magnon BSF
is projected onto the Ni monolayer. This means that in
this part of BZ this mode is almost entirely localized in
the Ni layer. Likewise, the partial magnon DOS of the Ni
monolayer [Fig.3(b)] is maximum in this range of energy.
While above a magnon energy of about 250 meV both
the magnon BSF and DOS are zero, the low energy part
of the magnon spectrum shows a finite spectral weight
in the Ni monolayer. The projected magnon BSF and
DOS onto the Co layer indicate that except for the high-
symmetry X̄ and M̄ points and along the X̄–M̄ direction,
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FIG. 3. The magnon Bloch spectral function (BSF) and the
magnon density of states (DOS) for the Co/Ni/Ir(001) sys-
tem, projected onto the Ni monolayer [(a) and (b)] and onto
the Co layer [(c) and (d)]. For the sake of clarity, the data in
(b) are multiplied by a factor of 2.

the magnons have a considerable spectral weight in the
Co layer. The main conclusion of the results presented in
Fig. 3 is that the experimentally probed magnon mode
describes magnons, which have a finite spectral weight in
both layers. The larger spectral weight of this mode in
the Co layer makes it easily accessible to the electrons as
probing particles. Hence, this mode is very efficiently ex-
cited in this system. A similar conclusion can be drawn
for the 2Co/Ni/Ir(001) system [58].

Our first-principles calculations indicate that the near-
est neighbor intralayer and interlayer interaction with
(without) considering the surface reconstruction are only
JN∥ = 1.03 (1.24) meV and JN⊥ = 5.71 (6.48) meV,
respectively. Likewise, the interaction between spins lo-
cated at larger distances are also rather weak. The sec-
ond nearest neighbor intralayer and interlayer interaction
with (without) considering the surface reconstruction are
only JNN∥ = 0.164 (0.29) meV and JNN⊥ = 0.24 (0.2)
meV, respectively. The values of Jij and the magnetic
moments are provided in Tab. I. The fact that the HEI
in Ni is weak is in agreement with the calculations for
bulk fcc Ni [19, 21–23, 25–27]. Note that due to the lack
of the full magnon spectrum, the exchnage parameters
in Ni are not known experimentally. The main conclu-
sion of the results presented in Tab. I is that the ex-
change parameters in the Ni monolayer are rather small.
Moreover, the pattern of the exchange interaction is com-
plex and includes both ferromagnetic (positive) and an-
tiferromagnetic (negative) exchange constants. Owing to
the weak HEI in the Ni monolayer one would expect a
larger magnon BSF and DOS of the acoustic magnon
mode in this layer. However, it is important to consider
that the magnetic moment of Ni is by a factor of about
3.5 smaller than that of the Co. This means that the dy-
namic component of the magnetization (which somewhat
scales with the static magnetic moment) is smaller in the
Ni layer. Hence, one observes a larger magnon BSF and
DOS when they are projected onto the Co layer. Note
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TABLE I. The magnetic exchange parameters (in meV) and the magnetic moments (in µB) as calculated by our first-principles
calculations. Co1 and Co2 refer to the first and second Co atomic layer on top of the Ni monolayer. For the sake of simplicity
only the HEI in the Ni monolayer up to the third nearest neighbors (NNN) are presented.

Multilayer system JNiNi
N∥ JNiCo1

N⊥ JNiNi
NN∥ JNiNi

NNN∥ JNiCo1
NN⊥ JNiCo1

NNN⊥ JNiCo2
N⊥ JNiCo2

NN⊥ JNiCo2
NNN⊥ µNi µCo1 µCo2

Co/Ni/Ir(001)–1×1 1.24 6.48 0.29 -0.047 0.2 -0.22 – – – 0.52 1.98 –
Co/Ni/Ir(001)–1×5 1.03 5.71 0.164 0.002 0.24 -0.25 – – – 0.55 1.95 –

2Co/Ni/Ir(001)–1×1 2.75 6.28 -0.001 0.275 0.6 -0.21 -1.13 0.11 -1.06 0.57 1.84 1.87
2Co/Ni/Ir(001)–1×5 1.84 4.93 0.008 0.178 0.55 -0.21 -0.69 0.24 -0.79 0.56 1.81 1.88

that the magnon BSF and DOS exhibit finite values in
the Ni monolayer. The large magnon BSF and DOS in
the Co layer helps to easily excite this magnon mode.

Near the Γ̄–point the magnon dispersion relation may
be approximated by E(q∥) ≃ Dq2∥, where D denotes the
magnon exchange stiffness constant. Fitting the data for
q∥ < 0.4 Å−1, we find a value of 356 ± 5 meVÅ2, in
reasonable agreement with the experimental [13–15] and
theoretical [19, 21–23, 25–27] values of the bulk Ni. Due
to the weak HEI in the Ni monolayer, this is somewhat
surprising. In the following we shed light on the origin
of the stiff magnon mode in the Ni monolayer.

Within the adiabatic formalism (linear spin-wave the-
ory) the magnon dispersion relation is given by E(q) =
2gµB

µi
Σj ̸=0J0,j [1− exp i(q ·R0j)], where g = 2 is the g-

factor, µB is the Bohr magneton, µi is the magnetic mo-
ment of the origin site, R0j represents the displacement
vector of site j with respect to the origin and q denotes
the three dimensional vector of the magnon momentum.
A careful investigation of the electronic DOS reveals that
the Ni atoms possess a low spin density. A low spin den-
sity leads to both a weak exchange interaction as well as
a small magnetic moment [0.55 (0.52) µB for the recon-
structed (unreconstructed) Ir(001)]. The fact that the
magnetic moment of Ni is much smaller than that of the
Co has experimentally been verified by probing both bulk
samples [59] as well Co/Ni multilayers [60–62]. Since the
exchnage stiffens scales inversely with µi, a weak HEI in
Ni can lead to a large magnon exchange stiffness, com-
parable to that of the Co and Fe. Hence, assuming the
same exchange constants for Ni and Co is not valid, even
though for the small magnon momentum the dispersion
relation of the two systems might be very similar [41, 42].

Recently, the emergence of topological superconductiv-
ity in the Bi/Ni bilayer is attributed to the magnetic ex-
citations at the interface and their coupling to the surface
state electrons [29]. We anticipate that our quantitative
results on the values of HEI in the Ni monolayer would
contribute to a quantitative understanding of supercon-
ducting mechanism in this system. Moreover, they would
provide guidelines for tuning superconductivity in similar
bilayer structures in which the magnons play a decisive
role in the pairing mechanism [63, 64].

In conclusion, we prepared atomically architectured
multilayers composed of Ni and Co epitaxial monolay-

ers on Ir(001). Owing to the large magnetic moment of
the surface Co monolayer and the fact that the excita-
tion cross-section at Co surfaces is high, the magnons
in such designed multilayers can be very efficiently ex-
cited by spin-polarized electron scattering experiments,
e.g., SPHREELS. The acoustic magnon mode of these
systems was found to be localized in both the Co as well
as in the Ni monolayers. The full experimental acous-
tic magnon dispersion relation, probed up to the sur-
face BZ, enabled us to quantitatively resolve the com-
plex pattern of HEI in the Ni monolayer. We observed a
rather weak exchange coupling within the Ni monolayer,
even though the magnon exchange stiffness is rather large
(much larger than that of an Fe monolayer on various
substrates). The large magnon stiffness constant is a con-
sequence of the low spin density of Ni atoms, as confirmed
by our first-principles calculations. In addition to the
fact that our results resolve the long-standing question
regarding the quantitative values of HEI in the Ni mono-
layer, they are also of the interest to the field of topolog-
ical superconductivity in magnetic/topological materials
heterostructures.
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