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Quantum confinement permits the existence of multiple terahertz magnon modes in atomically engineered
ultrathin magnetic films and multilayers. By means of spin-polarized high-resolution electron energy-loss
spectroscopy, we report on the direct experimental detection of all exchange-dominated terahertz confined
magnon modes in a 3 ML Co film. We demonstrate that, by tuning the structural and magnetic properties of
the Co film, through its epitaxial growth on different surfaces, e.g., Ir(001), Cu(001), and Pt(111), one can
achieve entirely different in-plane magnon dispersions, characterized by positive and negative group
velocities. Our first-principles calculations show that spin-dependent many-body correlation effects in Co
films play an important role in the determination of the energies of confined magnon modes. Our results
suggest a pathway towards the engineering of the group velocity of confined ultrafast magnons.
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One of the most pressing needs for information tech-
nology is to fabricate faster, smaller, and lower power-
consumption circuits. For appealing future devices, it has
been proposed to utilize bosonic quasiparticles, such as
magnons, for information processing [1–3]. Furthermore,
the mutual conversion between magnons and different
subsystems, such as electrons [4,5], photons [6], and
plasmons [7,8], opens new opportunities to realize tunable
and multifunctional logic devices.
The energies of magnons span several orders of magni-

tude in the range from μeV to a few tenths of eV. Their
wavelengths (frequencies) vary from micrometers (giga-
hertz) to nanometers (terahertz), governed by the weak
long-range magnetic dipole-dipole interaction and the
strong short-range exchange interaction, respectively. It
has been demonstrated that information can be encoded in
the phase or amplitude of dipolar magnons in the gigahertz
regime [9–13]. However, the relevant control parameters
for miniaturized magnonic circuits in the terahertz regime
and on subnanometer length scales have not yet been
achieved. For this purpose, ultrathin ferromagnetic films
serve as ideal templates. The vertical confinement in an
ultrathin film, with a thickness of a few atomic layers,
eliminates the formation of long-wavelength magnons
dominated by the dipolar interaction. Therefore, only
short-wavelength confined magnon modes governed by
exchange interaction can exist in such a structure.
In an atomically flat film, the number of confined

exchange magnon modes is equal to the number of atomic
layers [14]. Each magnon mode with the quantum number
n has its own dispersion relation as a function of q∥ over the
whole surface Brillouin zone. Moreover, the atomic

bonding environment for atoms at surface, interior, and
interface layers is entirely different due to the presence of
the vacuum-film and substrate-film interfaces. These
differences result in distinctive types of terahertz magnons
(surface, interior, and interface magnons) with their own
characteristics [15]. As terahertz confined magnon modes
are governed by the exchange interaction, modifications of
the inter- and intralayer exchange constants, via tuning the
lattice strain, atomic structure, or the substrate material,
offer versatile tools for engineering these magnon modes.
In this Letter we report, for the first time, on the direct

observation of all confined terahertz magnon modes excited
in a 3 ML itinerant ferromagnetic film. Specifically, we
demonstrate that, by tuning the structural and magnetic
properties of the film, the propagation direction of the highest
frequency confinedmagnonmode can be reversed, expressed
by the sign change of the group velocity. Our results provide
evidence that the propagation properties of all magnonmodes
are strongly influenced by the details of the layer-dependent
exchange constants. We show that spin-dependent many-
body correlations lead to a considerable reduction of the
magnetic exchange interaction and a substantial energy
renormalization of the confined magnon modes.
In an ultrathin film, the translational symmetry is broken

in the out-of-plane direction. This leads to discrete magnon
states with a quantized out-of-plane wave vector q⊥¼nπ=d,
where d is the film thickness and n is the quantum number.
Figure 1 shows a “snapshot” of the confined magnon modes
with quantum number n ¼ 0, 1, and 2 in a three-atomic-
layer ferromagnetic film. The n ¼ 0 mode indicates the
coherent spin precession, whereas the n ¼ 1 and n ¼ 2
modes correspond to one and two nodes inside the film,
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respectively. This means that modes with zero, one, and two
half-wavelength envelopes of standing spin waves are
spanned inside the film. In consequence, spins between
adjacent layers are no longer aligned parallel, and the higher
energy modes are characterized by a larger deviation of the
precession phase between adjacent layers. We note that, in a
real film on a substrate, the presence of the substrate breaks
the central symmetry of the film and the magnon modes in
the film are no longer symmetric with respect to the central
layer [16].
The presence of the confined magnon modes with

q∥ ¼ 0 has been reported by means of scanning tunneling
spectroscopy [14,17]. High-resolution electron energy-loss
spectroscopy experiments on Co films have also shown the
presence of the low-energy confined magnon modes
(mainly with n ¼ 1) near the center of the Brillouin zone
[18–22]. In addition, such confined magnons propagate in
the x-y plane due to the translation invariance in the film
plane. Therefore, each magnon mode has its own in-plane
dispersion relation as a function of q∥. However, the
dispersion relation of all confined exchange magnon modes
in a ferromagnetic film over the whole surface Brillouin
zone has not yet been measured.
SPEELS permits the spin-, energy-, and momentum-

resolved measurement of magnetic excitations over the
whole surface Brillouin zone of low-dimensional magnets
[23,24]. In the SPEELS experiments the intensity of the
inelastically scattered electrons is recorded for incident
electrons of opposite spin polarization, denoted as I− and
Iþ. All of the information regarding energies and lifetimes of
the magnons is obtained by analyzing the difference spectra
I− − Iþ [23–26]. Figure 2(a) shows typical SPEELS differ-
ence spectra recorded on 3MLCo=Cuð001Þwith q∥ ranging
from −0.3 to −0.7 Å−1 along the Γ̄-X̄ direction. I− and Iþ
spectra refer to a spin polarization vector of the incoming
electron beam being parallel and antiparallel to the Co½11̄0�
easy axis direction, respectively. In order to obtain the

magnon dispersion of all modes, the difference spectra
are fitted by three Lorenzian line shapes, corresponding to
the magnon modes with n ¼ 0, 1, and 2. The fitting
procedure is carried out iteratively by nonlinear parameter
optimization according to Marquardt [27]. The dispersion
relation is constructed by plotting the energy of each mode
versus q∥. As presented in Fig. 2(a), the magnon peak width
broadens when the mode number increases. Consequently,
the high-energy modes (n ¼ 1, 2) possess a much shorter
lifetime than the acoustic mode (n ¼ 0). This is due to the
fact that the high-energy magnons live in the region of larger
density of incoherent Stoner excitations and hence suffer
from a larger Landau damping [16].
The dispersion relation of the confined magnon modes is

determined by the strength of the exchange coupling
constants in each atomic layer. In order to change these
quantities, we have grown the same Co film on two
additional substrates, having different lattice parameters,
i.e., Ir(001) and Pt(111). Growing the film on substrates
with negative and positive lattice mismatch induces com-
pressive and tensile epitaxial stress in the film. The corre-
sponding modification of the inter- and intralayer exchange
constants has a direct consequence on the dispersion of the
magnon modes.
Growth, structural, and magnetic properties of ultrathin

Co films on Ir(001) [29,30], Cu(001) [31,32], and Pt(111)
[33] are well known in the literature and were also verified
in our experiments [34]. The film thickness and layer-by-
layer growth are monitored by medium energy electron
diffraction during film deposition. The magnetic properties
of all Co films are investigated with the longitudinal
magneto-optic Kerr effect and by SPEELS experiments.
For Co=Irð001Þ and Co=Cuð001Þ, the easy magnetization
axis lies along the Co½11̄0� direction, while, for 3 ML
Co=Ptð111Þ, the easy magnetization axis is out of plane, in
agreement with Refs. [30,32,33].
The measured dispersion relation of all three magnon

modes in a 3 ML Co film on Cu(001), Ir(001), and Pt(111)
is depicted as open symbols in Figs. 2(b)–2(d). Notably,
in contrast to the well-known“parabolic” dispersion curve
observed for the n ¼ 0 magnon mode, the confined n ¼ 2
magnon mode shows a “downward parabolic,” “flat,” and
“upward parabolic” shape for Co=Irð001Þ, Co=Cuð001Þ,
and Co=Ptð111Þ, respectively. This demonstrates that the
dispersion relation of the confined magnon modes is
extremely sensitive to small changes in the lattice structure
as a result of the film epitaxy.
In order to understand the behavior of the confined

magnon modes, we performed first-principles calculations
within the generalized gradient approximation of the density
functional theory (DFT) [35]. We used a self-consistent
Green’s function method, designed for semi-infinite layered
structures [36]. Calculations were performed with structural
parameters taken from the available experimental data for 3
ML Co=Irð001Þ [29], Co=Cuð001Þ [37], and Co=Ptð111Þ

FIG. 1. Schematic representation of all three confined magnon
modes with quantum numbers n ¼ 0, 1, and 2, excited in a 3 ML
freestanding ferromagnetic film with identical boundary con-
ditions on top and bottom. The modes n ¼ 0, 1, and 2 correspond
to zero, one, and two nodes of standing spin waves with a
quantized wave vector q⊥ ¼ nπ=d and an in-plane wave vector
q∥. Ei, Ki and Ef , Kf denote the energy and wave vector of the
incident and scattered electrons in spin-polarized high-resolution
electron energy-loss spectroscopy (SPEELS) experiments.
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[33], serving as input for self-consistent calculations of the
electronic structures. The interatomic exchange constants
were calculated by employing the magnetic force theorem,
similarly implemented within a Green’s function formalism
[38]. The calculated magnon dispersion relation and the
spin-resolved density of states (DOS) are presented as the
green lines in Figs. 2(b)–2(d) and Figs. 2(e)–2(g), respec-
tively. By comparing the experimental and theoretical
results, we find that the theoretically calculated magnon
dispersion relation agrees qualitatively well with the exper-
imental results. However, the quantitative agreement
between theory and experiment is not satisfactory. The
calculated magnon energies are overestimated by up to
160meV for the n ¼ 2mode. The significant overestimation
of the theoretically calculated magnon energies cannot be
explained by introducing artificial modifications of the in-
or out-of-plane lattice constants, film thickness, or surface
reconstruction. It is well known that calculated magnon
energies and exchange parameters are typically overesti-
mated [14,26,39–42]. For instance, the magnon energies of 3
ML Co=Cuð001Þ predicted by first-principles calculations
combined with atomistic spin dynamics simulations are
higher than the experimental results by 260 meV [39].
It has been shown that the experimentally probed

electronic band structures of Co films cannot be described

adequately within the single-particle DFT [43,44]. A better
agreement with experimental results is found by a renorm-
alization of the majority-spin states of 3d bands towards the
Fermi level, keeping the minority-spin states unchanged
[43–45]. This observation has been attributed to the
stronger correlation effects for the majority-spin states. It
is therefore expected that the theory which can mimic
many-body correlation effects shall predict a smaller value
for the exchange splitting, compared to the values predicted
by single-particle DFT-based approaches [43,44]. In order
to mimic the spin-dependent many-body correlation effects
on the dispersion relation of confined magnon modes, we
performed the following calculations [see Figs. 2(e)–2(g)]:
(i) no energy renormalization of the majority and minority
bands is considered (the green lines indicated by Δ ¼ 0)
and (ii) the majority bands are shifted towards the Fermi
level (the orange lines indicated by Δ ≠ 0), while the
minority bands are kept unchanged. The results of magnon
dispersion and DOS are compared in Figs. 2(b)–2(d)
and Figs. 2(e)–2(g), respectively. As only the energy of
majority bands is renormalized in our calculations, the
magnitude of this renormalizationΔ directly corresponds to
the reduction of the exchange splitting. Consequently,
this leads to a reduction of the overestimated magnon
energies.

Exp Exp Exp

FIG. 2. (a) SPEELS difference spectra recorded on 3 ML Co=Cuð001Þ with q∥ ranging from −0.3 to −0.7 Å−1 along the Γ̄ − X̄
direction, with a primary energy of Ei ¼ 8 eV. Experimental data (open circles) are fitted (solid line) with three Lorenzian line shapes
(dashed lines), corresponding to confined magnon modes n ¼ 0, 1, and 2. (b)–(d) The calculated (solid lines) and measured (open blue
symbols) magnon dispersion and (e)–(g) the spin-resolved density of states for 3 ML Co on Ir(001), Cu(001), and Pt(111). Experimental
points for the n ¼ 0 mode in (c) denoted by □ were adapted from Ref. [28] for comparison. Calculations are performed with (i) no
energy renormalization of the majority and minority bands (Δ ¼ 0 eV, green lines), and (ii) with an energy renormalization of the
majority bands towards the Fermi level (Δ↑ ≠ 0, orange lines), while keeping the minority bands unchanged. (h)–(j) Interatomic
exchange parameters in meV resulting from the calculations indicated by (ii). The in-plane interatomic nearest-neighbor distance for
each system is given by aNN∥ . The error bars in (b)–(d) include the uncertainties given by the goodness of the fit.
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As shown in Figs. 2(b)–2(d), for the best quantitative
agreement with the experimental data, one needs to shift the
majority bands (the up arrow) by Δ ¼ 0.8 eV towards the
Fermi level (the orange line) for Co=Ir and Co=Cu, while
the minority bands (the down arrow) are not changed (the
green line). This renormalization of the majority-spin states
in Co agrees surprisingly well with the experimental and
theoretical results obtained by photoemission studies (a
renormalization of 0.7–1.0 eV is reported as a result of the
correlation effects) [43,44]. Note that one needs a slightly
larger shift of Δ ¼ 1.0 eV for Co=Pt in order to explain the
experimental data very well. Interestingly, the splitting
between the highest majority- and minority-spin states of
Co d bands for Co=Pt is 1.06 eV, in good agreement with
the reported value of 1.05 eV found using photoemission
experiments [46]. Our results highlight a strong correlation-
induced renormalization of about 30% in the energies of the
n ¼ 2 magnon mode.
By comparing the experimental and theoretical magnon

dispersion relations, the effective interatomic exchange
interaction is quantitatively determined for all systems
and the results are shown in Figs. 2(h)–2(j). The calculated
interatomic exchange interaction of Co films are generally
overestimated by DFT-based calculations [21,47]. We
highlight a reduction of 25%–45% of the nearest-neighbor
exchange constant, as compared with the results of calcu-
lations reported in the literature [39,41,42]. Our results
imply that spin-dependent correlation effects play a deci-
sive role in determining interatomic exchange interactions
in such ultrathin elemental ferromagnets.

In principle, for a 3 ML ferromagnetic film on a
substrate, the bonding environment for atoms situated at
surface, interior, and interface layers is entirely different.
Therefore, each magnon mode contains different contribu-
tions from the interface, interior, and surface layers (layer-
specific localization of three magnon modes). In order to
specify the contribution of each layer to the observed
confined magnon modes, the layer-resolved spectral func-
tion of the transverse susceptibility of all magnon modes is
shown in Fig. 3(a) for 3 ML Co=Irð001Þ. The magnetic
moments located at the interface provide a dominant
contribution to the n ¼ 0 magnon mode. The n ¼ 1
magnon mode has the largest amplitude at the surface
and the n ¼ 2 mode is localized at the middle layer, as
similarly derived from a simple Heisenberg model [34]. A
similar tendency of layer-specific localization is observed
for Co=Cuð001Þ and Co=Ptð111Þ [34].
The group velocity is given by the gradient of the

dispersion relation, i.e., vg ¼ ∂q∥Eðq∥Þ. The different
dispersion curves of the n ¼ 2 magnon mode [see
Figs. 2(b)–2(d)] indicate the dramatically different propa-
gation characteristics of the excited magnon wave packets,
stemming from the changes in the sign (and also the
magnitude) of vg. Figure 3(b) presents the derived group
velocities of the n ¼ 2 mode for a 3 ML Co film on
different substrates. Interestingly, for Co=Irð001Þ the
unusual “downward” dispersion of the n ¼ 2 mode reflects
the fact that the corresponding magnon wave packet
exhibits a negative group velocity. As a result, the magnon
wave packet propagates along a direction opposite that of
q∥, which is defined by the scattering geometry. We find
that the sign of vg of the n ¼ 2 mode in the case of
Co=Irð001Þ is opposite that of Co=Ptð111Þ. By contrast, for
Co=Cuð001Þ the group velocity of the n ¼ 2mode is rather
small and changes its sign with q∥, being positive at low
wave vectors and negative at high wave vectors.
In our first-principles calculations, we find a downward

parabolic shape of the dispersion with negative group
velocity when the interlayer distance of the Co layers
changes from 1.92 to 1.61 Å, corresponding to a face-
centered-cubic (fcc) and face-centered tetragonal film
structure. Moreover, the ratio of the inter- (J⊥) and intra-
layer (J∥) exchange parameters increases by a factor of 2.
This is the essential element for achieving the negative
group velocity of the n ¼ 2 magnon mode [34] and is a
direct consequence of the tetragonally distorted lattice of
the Co film grown on Ir(001) [29].
Previous studies have reported a negative vg value of

backward-volume dipolar magnons [48,49]. However,
those magnons live in the gigahertz regime and on
micrometer scales. As q∥ increases, the dominating inter-
action of magnons varies from the magnetic dipole-dipole
interaction to the much stronger and short-range exchange
interaction. According to results presented in Fig. 3(a) for 3
ML Co=Irð001Þ, the terahertz confined magnon mode with

FIG. 3. (a) The calculated layer-resolved spectral function of the
transverse susceptibility projected onto the interface, interior, and
surface layers for 3 ML Co=Irð001Þ. The normalized amplitude of
the spectral function is represented by the color bar. (b) Group
velocity vg as a function of q∥ for the n ¼ 2 mode of Co=Irð001Þ
(•), Co=Cuð001Þ (□), and Co=Ptð111Þ (⊕). The solid lines are a
guide for the eye. (Insets) The relative direction between vg and q∥
(the same direction as the phase velocity of magnons).
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n ¼ 2 is localized in the interior atomic layer and prop-
agates in a direction opposite to that of the interface and
surface magnon modes (n ¼ 0 and 1). This means that it is
an exchange-dominated backward-volume mode resulting
from quantum confinement.
In summary, by tuning the structural properties of ultrathin

Co films via growth on different substrates, we obtain
inherently different in-plane magnon dispersions. This can
even lead to an reversal of the group velocity of distinct
magnon modes localized in adjacent atomic layers of a thin
film, in the absence of external magnetic fields. Moreover,
spin-dependent many-body correlations are shown to have a
crucial impact on the dispersion relation of these terahertz
magnon modes and the strength of the exchange interaction.
Our findings provide an explanation for the long-standing
problem of significant overestimation of theoretically calcu-
lated magnon energies and interatomic exchange energies in
cobalt. Probing the confined magnon modes can open a way
of estimating the effects of many-body correlations on the
electronic band structures in ultrathin ferromagnets.
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