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Magnon polarons, hybrid quasiparticles embodying the intrinsic coupling

between spin and lattice dynamics, bridge magnetism and phononics in
quantum materials. Despite extensive studies in magnetic insulators, spec-
troscopic evidence for magnon polarons has been scarcely reported in
metallic ferromagnets. Here, we reveal magnon polarons at the nanoscale in
single crystals of Fe;GeTe, using inelastic scanning tunneling spectroscopy
(ISTS) with a milli-Kelvin scanning tunneling microscope. While ISTS of pho-
nons or magnons has been widely explored, our study focuses on two-
dimensional van der Waals (vdW) itinerant ferromagnets, where momentum
selection rules normally hinder magnon excitation. We show that strong
magnon-phonon interaction leads to hybridization between the magnonic and
phononic bands, lifting the selection rules at their avoided band crossings.
This emergent momentum selection due to magnon-phonon coupling is a
hallmark of magnon polarons. Our findings establish a platform for probing
and engineering magnon-phonon hybrid excitations in two-dimensional
materials at the nanoscale.

The neoteric exploration of two-dimensional (2D) van der Waals (vdW)
magnets has recently extended the philosophy of magnonics and
spintronics into the 2D realm'°. There, due to their 2D nature, the
elementary bosonic excitations in the form of magnons and phonons
inherit the strong symmetry breaking of the 2D material, such as ani-
sotropic dispersion™ and chirality'®”. In magnetic 2D materials, the
large uniaxial anisotropy and magnetic properties are extremely sen-
sitive to strain engineering'® > owing to the low symmetry with strong
crystal fields caused by the local surroundings. This potentially leads to
an unusually high dynamic coupling between magnetic and lattice
degrees of freedom in two dimensions, with a strong impact on the
dynamical properties of 2D magnets. However, very little is known
about the nature and properties of elementary magnetic and lattice

excitations in 2D magnetic materials. This necessitates the exploration
of such excitations, both theoretically and experimentally with various
techniques, among which inelastic scanning tunneling spectroscopy
(ISTS) emerges as a powerful method®~°. ISTS allows us to probe
inelastic excitations in structurally complex 2D materials locally”. By
now, ISTS has developed into a well established technique to locally
resolve vibrons in adsorbed molecules®, but also has the potential to
resolve bulk phonons®*° mostly in materials with strong electron-
phonon coupling, i.e., superconductors, surface phonons in noble
metals®, and phonons in 2D materials like graphene®*”. Further-
more, ISTS has also been used for the detection of magnons® %,
Among 2D magnets"*°, Fe;GeTe, (FGT) fascinates with its high
ferromagnetic transition temperature of 150-220 K in bulk®®*™*°, even
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reaching room temperature with gate tuning", and metallic traits®**

suitable for an investigation by scanning tunneling microscopy
(STM)***¢, This prolific material serves as a playground for investi-
gating magnetic skyrmion bubbles****°, spin spirals™, magnetic
domains with sharp domain walls®*¢*%°%52 large uniaxial
anisotropies®*%***5 and various prominent magnetic properties in a
2D world'®***5%8, Furthermore, FGT is predicted to show strong mag-
netoelastic coupling'®, and spin-optical phonon coupling has been
investigated by Raman spectroscopy® °. However, it is still elusive for
ISTS to detect excitations in itinerant ferromagnets with strong
magnon-phonon coupling. While magnon polarons have been repor-
ted in magnetic insulators, like YIG®, Cr,05%, and 2D FePS;*** via
inelastic neutron scattering, spin Seebeck effect or Raman spectro-
scopy, it is rarely studied in metallic ferromagnets. This makes FGT an
ideal system to study magnon polarons due to magnons, phonons and
their interactions by ISTS.

Here we report the nanoscale observation of magnon polarons in
the 2D ferromagnetic vdW material FGT detected by laterally resolved
and spin-polarized ISTS measurements executed with STM under
ultrahigh vacuum and at low temperatures (40 mK). Supported by
density functional theory and model calculations, we identify the qua-
siparticle excitations in ISTS of FGT as fingerprints of hybrid magnon-
phonon modes (i.e.,, magnon polarons), which emerge at the crossing
points between the magnonic and phononic bands. At these points of
strong hybridization, the selection rules for magnon and phonon exci-
tation are softened. This emergent momentum selection largely
enhances the scattering cross section with electrons. Our findings
provide a platform for investigating and designing the properties of
magnon polarons in two-dimensional materials at the nanoscale.

Results

Principles of ISTS

In general, ISTS provides information on the scattering cross section of
hot carriers with bosonic excitation in the samples. Within ISTS,
inelastic excitations show up most clearly in the form of peak-dip pairs
in the second derivative of the tunneling current with respect to the
bias voltage, symmetrically located in bias voltage around the Fermi
level®®, Vibrons or phonons are created by Coulomb scattering of the
hot carriers with the core electrons of the atoms, and thus the cross
section does not depend on the spin of the tunneling electron and is
typically only of the order of a few percent of elastic scattering. Ina 2D
sample, the hot carriers injected by the tip thus need to relax by an
energy AE closer to the Fermi energy by exciting a phonon with energy
fiw = AE. As the 2D sample is translational invariant with respect to
translation in the 2D plane, the in-plane wave vector k; is a conserved
quantity. In the scattering process, the change of wave vector of the
electron thus corresponds to the wave vector of the excited phonon.
As phonon creation does not involve the spin of the electron, inelastic
transitions comprise of transitions between electronic states of the
same spin. At low phonon energies, especially for acoustic phonons,
inelastic scattering is not prevented by phase space arguments. Arbi-
trarily small energy transitions are allowed between states of arbitrarily
small difference in k; on the same band (see Fig. 1). Thus, one can
expect to observe low-energy phonons in ISTS, but with a relatively
weak electron-phonon scattering cross-section due to the scattering
mechanism. In case of magnons, however, the scattering cross section
is significantly larger as the excitation of magnons is driven by the
exchange interaction of the tunneling electrons with the spin-
polarized sample electrons®®””", In phase space, the excitations of
magnons are coupled to electronic transitions between bands of
opposite spin character. The transitions are, however, not possible for
combined low momentum and low energy due to the exchange energy
(cf. Fig. 1), i.e., the two Fermi surfaces of opposite spin character have
usually rather different shapes. This opens a gap for single particle
spin-flip excitations, i.e., a Stoner gap, in the spectrum. The Stoner gap
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Fig. 1| Sketch of magnon and phonon excitations in an itinerant ferromagnet.
Phonon excitation (yellow wavy line) is a non-spin-flip process, while magnon
excitation (orange wavy line) requires spin flip. Red (blue) indicates spin up (down).
The dashed black arrow indicates the exchange splitting (or Stoner gap). A question
remains: what will happen if there is magnon-phonon coupling?

suppresses electron-magnon scattering at low energies and momen-
tum such that magnons near the zone center cannot decay into Stoner
excitations and thus display long life times. An interesting question
remains open: what happens to ISTS if there is magnon-phonon
coupling?

When taking into account the coupling of phonons and magnons,
these selection rules for inelastic electron scattering are lifted at
crossing points of the phonon and magnon dispersion. At these points,
a hybridization between phonon and magnon modes leading to
magnon-polarons is expected, and both the strong exchange interac-
tion and the core scattering can excite the hybrid boson. This effect
should show up in the ISTS spectra as distinct peaks at very specific
energies given by the dispersion of magnons and phonons.

Quasiparticle excitations

In FGT, it is widely reported that there is a broad dip in the differential
conductivity dl/dU near the Fermi energy (Ep)*>***¢, as depicted in the
inset of Fig. 2b. The dip has been interpreted by Zhang et al. as a Kondo
resonance*>’?, which is disputed in the literature**¢, as the sample is a
ferromagnet with relatively large exchange splitting of the electronic
bands'®. More specifically, the survival of Kondo screening depends on
the competition between the Kondo energy scale Ex = kgTx and the
exchange splitting £, in a ferromagnetic Kondo lattice. When E,, > Ey,
Kondo screening is destroyed. Consistent with this principle, experi-
mentally established ferromagnetic Kondo lattice systems typically
satisfy Tx>T>"*, ensuring that Kondo correlations remain robust
against magnetic ordering. Moreover, the spectroscopic feature
manifests as a dip rather than a peak. Although such a dip could in
principle be rationalized by interference effects within the Kondo
framework”, a growing body of evidence indicates that many of these
Kondo-like dips observed on magnetic adatoms on non-magnetic
surfaces are, in fact, signatures of inelastic spinon-polaron (spinaron)
excitations’®’%, A second explanation for the dip in dl/dU could be a
dip in the electronic density of states (DOS). DFT calculations for the
DOS of FGT, however, exclude this*. A third explanation is the
disorder-induced electron-electron interaction’”. However, our sam-
ples have low impurity density (Fig. 2a). A fourth possibility for the dip
is magnetic inelastic excitations, which we investigate in the
following® 3,

In elastic tunneling, the differential conductance di/dU is pro-
portional to the DOS of the electrodes®*. When variations in DOS are
negligible on a small energy range around Er, di/dU is constant, and
d*l/dU* vanishes. An additional tunneling channel opens when the
kinetic energy of the tunneling electrons is sufficient to cause an
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Fig. 2 | Low energy excitations via ISTS. a Topography of the FGT surface. The
inset shows the hexagonal lattice, which is the uppermost Te atoms. b dl/dU
spectrum averaged over 121 individual curves in a 4 x 4 nm? area. The spectra were
measured with a W tip at 40 mK (feedback conditions U =20 mV, /=2 nA,

Upmog =0.5 mV at 3.421 kHz), and the inset figure in (b) was measured with U = 50

mV, /=1nA and Uoq =3 mV at 3.611kHz. ¢ &*//dL” spectra recorded simulta-
neously in (b). Arrows mark the peak-dip pairs, and error bars show the standard
deviation of the mean. d ISTS spectra recorded along a line of 20 nm (U =20 mV,
I=5nA modulation amplitude U,,,,q =0.5 mV at 3.611 kHz).

inelastic excitation. As the two channels do not interfere, an increment
in the current is observed for both signs of the bias voltage. Conse-
quently, steps appear in dl/dU at the brink of the excitation energy
Eg = |eU|, or equivalently peaks and dips appear in d*//dU” at |eU| = E,.
Fig. 2b shows the differential conductivity in a small interval around E¢
recorded at 40 mK with a small lock-in modulation voltage amplitude
Upmog=500 RV (root mean square U, = U, 1 /~/2). Upoq Was chosen
as a compromise of energy resolution and signal-to-noise ratio. Clearly,
the spectrum deviates from that of a Kondo resonance as steps at
various energies can be resolved. In agreement with this, the d®//dU?
spectra, recorded simultaneously with the dl/dU spectra, show five
clearly resolved peak-dip pairs symmetrically positioned with respect
to Ef, cf. Fig. 2c. The error bars in the plot represent the 1o error of the
averaged signal and document the significance of the peaks. Hence,
the data in Fig. 2b, c are clear evidence for the occurrence of inelastic
tunneling events. To illustrate the homogeneity of the observed
inelastic signal over longer distances, we show the variation of the ISTS
signal over 20 nm in Fig. 2d. The peak-dip pairs only show a slight
intensity variation within the noise level. This homogeneity reflects the
high quality and low Fe deficiency of our samples. We note that our
measurements were performed at different sample positions and
several samples with different tips, yielding consistent spectral fea-
tures and demonstrating the excitations’ intrinsic nature.

At this low-energy scale of the peaks of 0.3, 0.8, 2.5, 3.8 and
5.2meV with an experimental resolution of + 0.3 meV (see arrows in
Fig. 2¢), these intrinsic inelastic excitations can be due to either pho-
nons or magnons near the I point, while plasmons, with eV energy, can
be excluded. However, note that the individual pairs of peaks and dips
are not identical in intensity. Typically, vibron or phonon excitations
are rather symmetric in intensity. For magnons, strong asymmetries
have been reported due to spin selection rules®. To create a magnon

by inelastic exchange scattering, either a minority electron needs to be
injected into the ferromagnet, or a majority electron needs to be
removed. Thus, the asymmetry in intensity of magnon excitation peaks
relates to the spin polarization of the magnetic sample, in the case an
unpolarized tip is used. The calculated asymmetry, i.e., the difference
in the peak area for negative and positive bias divided by their sum,
taken from the data shown in Fig.2c, is about - 0.1, which is com-
parable to a DFT value for spin-polarization of the states of about
- 0.36 at the Fermi energy*. This suggests a magnetic origin of these
excitations. Moreover, the ISTS spectra strongly change with magnetic
field i.e., the energy peak at 0.8 meV shifts upward to .1 meV at 3 T and
1.25meV at 5 T, in quantitative agreement with the expected Zeeman
energy shifts of 0.35meV (3 T) and 0.58 meV (5 T), while the higher-
energy peaks shift downward with increasing magnetic field (see
Supplementary Fig. 1). This excludes phonons as sole origin and proves
a magnetic component of these excitations in FGT. Note that the peak
at 0.3 meV remains unchanged under an applied magnetic field. In
particular, it consistently appears at very low temperatures in many
samples and has been attributed to a dynamical Coulomb blockade
effect?”® ¥, This effect comes from the diverging lifetimes of quasi-
particles in Fermi liquids near the Fermi energy and at low tempera-
tures, hindering a second low-energy electron to tunnel into the same
state until the first is not scattered. It has also been seen on noble
metals at low temperatures®” and manifests itself as a dip at zero bias in
dl/dU of a width of about twice U, or as a peak-dip feature in d*//dU?
at ~ + U™, Note that a higher temperature will smear and broaden
these peak-dip pairs into one broadened peak (see Supplementary
Fig. 5). Similarly, a larger modulation voltage also results in a rather
broad peak-dip pair at energy around 6 meV and beyond. However, in
this work, we intend to focus on the sharp inelastic peaks and dips of
low energy.
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Fig. 3 | Spin-polarized results. a d//dU map at 500 mV with Cr-coated W tip
(tunneling condition U= 500 mV, /= 0.1nA, and Ujj%; =100 mV). b SP-ISTS spectra
across a magnetic domain wall (U=20mV, /=0.3nA, and U,,,,q =1 mV). The dashed
rectangle indicates the domain wall. ¢ The modulation convoluted ISTS of
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and dark domain (e). The vertical dashed lines indicate the peak-dip pairs. f &?//dU?
map at 5mV and the average line profile (U=5mV, /=0.2nA, and U,,q =2 mV at
3.611 kHz). g d?//dU* map at 10 mV and the average line profile (U=10mV,/=0.3 nA,
and Uy,og =2 mV at 3.611 kHz).

Spin-polarized results

To further reveal the origin of these excitations, ISTS with a spin-
polarized (SP) tip was employed. In this technique, the STM tip is spin-
polarized, such that the tunneling magneto-resistance effect (TMR)*®
arises, providing spin-resolved information on the sample. To polarize
the tip, =50 ML Cr was deposited on freshly prepared W tips, followed
by gentle annealing®. The use of antiferromagnetic tips minimizes the
magnetic stray field, which exerts a negligible influence on the mag-
netization of the FGT sample®. This allows us to compare inelastic
tunneling spectra for the relative parallel and antiparallel orientation
of the magnetization of the electrodes, which is the standard test for
magnetic excitations**°.

In the following, we compare the ISTS spectra recorded along line
scans using unpolarized W tips and Cr-coated tips with out-of-plane
spin polarization®. To confirm the spin polarization of the tip, we
measured dl/dU maps at 500 mV to find magnetic domains (Fig. 3a). As
shown in Fig. 3a, we observe a high spin contrast at 500 mV of about

15%. Then, we zoomed in to measure the low-energy excitations by
ISTS across domain walls. Similar to the unpolarized results shown in
Figs. 2, 3b displays the position-dependent but now spin-polarized
inelastic tunneling signal across the magnetic domain wall. To improve
the signal-to-noise ratio, a larger modulation voltage was used. Clearly,
a lateral variation in the inelastic signal, which coincides with a 180
magnetic domain wall in SP-STM dl/dU map (Fig. 3a) can be seen. Thus,
on opposite sides of the domain wall, the relative orientation between
the tip and sample magnetization changes by 180" and the relative role
of minority and majority carriers in the sample is exchanged. The
dashed rectangle in Fig. 3b indicates the domain wall. Figure 3c shows
the difference of d*//dU* spectra between bright domain (Fig. 3d) and
dark domain (Fig. 3e), i.e., the spin-polarized ISTS signal. For com-
parison, the unpolarized ISTS signal of Fig. 2c has been reproduced,
including a convolution taking account of the different modulation
voltages (see Supplementary Information Note IIl). Energies repre-
senting pairs of peaks and dips in the spectra are indicated by dashed
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arrows. ¢ Crossings between magnon and phonon bands along [120]. d Crossings
between magnon and phonon bands along [001]. The spin-wave stiffness for [100],
[120], and [001] are 69.0 meVA?, 56.7 meVA?, and 53.6 meVA? from ref. 14.

e Magnon-phonon band crossings (stars) compared with d?//dU? peaks

(dashed lines).

lines. We find back the 0.8 meV excitation in all spectra, especially in
the difference signal. The peak structures near 2.3 meV are slight
shifted upward to 2.7 meV in difference and the convoluted spectrum.
The peak at 5.2 meV together with a broad peak/dip structure above it
becomes more visible in the difference and convoluted signal as a
broad peak at 6.5 meV. All three peak-dip pairs at 0.8, 2.7 and 6.5 meV
can be seen for the difference of SP-ISTS on bright domain and dark
domain, which agrees well with the convoluted ISTS (see gray curve in
Fig. 3c). To further showcase this transition across the domain wall, the
d*l/dl? map at 5mV, i.e., the third peak in Fig. 3b-e was measured.
Figure 3f exhibits an obvious transition from a dark domain to a bright
domain, where the change of contrast reaches 200%. As a comparison,
a d’l/dU* map at 10 mV is shown in Fig. 3g, where this transition is not
observed. Note that the spin-polarization of the tip was checked, fol-
lowed by repeating the d?//dU? map at 5 mV. Overall, the behavior of

the signal across the domain wall is in agreement with the spin selec-
tion rules for magnon excitation®.

This identifies the peaks as magnetic excitations (or magnons) but
does not provide an explanation for their specific energies. Note that
the parabolic dispersion of magnons around the zone center does not
produce a peaked DOS as shown in Fig. 4a and Methods. Moreover, at
low energies, magnon excitation in the 2D vdW material FGT is
expected to be suppressed due to the exchange splitting of the bands,
i.e., the Stoner gap.

Phonons might lead to sharp van Hove singularities in the meV
range, as ab-initio calculations of the phonon DOS, shown in Fig. 4a in
blue, indicate. The peaks in the DOS are between 10 and 15 meV, which
are consistent with the results of inelastic neutron scattering'*". Note
that we did not observe these phonon peaks in the ISTS shown in Fig. 2.
This implies a weak electron-phonon coupling in agreement with
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recent estimates of only a small electron-phonon coupling constant®.
Below 5 meV, the phonon DOS is smooth as the lowest energy bands
for transversal and longitudinal acoustic phonons disperse linearly in
this energy range. Thus, there are no van Hove singularities in the
phononic DOS below 5meV (Fig. 4a), where the ISTS peaks were
observed, excluding bare phonons as their origin. The same argument
holds for bare magnons, also showing no van Hove singularities in the
energy range. When allowing for magnon-phonon coupling, however,
the situation drastically changes, as described in the introduction. In
case of a crossing between the phonon and magnon bands, magne-
toelastic coupling (Hpe = Y;B;€;S:Sj, with By the magnetoelastic cou-
pling constants, ¢; the strain tensor, and S; the spin component”)
hybridizes the two distinct modes and an avoided level crossing is
expected. At these so-called “hot spots” in the Brillouin zone, magne-
tization strongly couples to the lattice, which is also responsible for
parts of Gilbert damping”.

Magnon and phonon band crossings

We suggest that in FGT, such avoided level crossings with diabolic
points cause a strong coupling of electrons to the hybrid magnon
polarons. In Fig. 4b we plot the ab-initio phonon dispersion of FGT
together with an experimental dispersion curve of the magnons
obtained from neutron scattering'®, which currently provides the most
reliable and quantitative information on the magnetic excitation
spectrum of FGT. Note that our samples are of higher quality than
those of the neutron scattering experiments, which support the use of
the applicability of the experimental magnon dispersion to our work.
The measured spin-wave stiffness from neutron scattering is about
69.0 meVA? along the [100]-direction, whereas the calculated spin-
wave gap or anisotropy induced magnon gap at /" point is 0.81 meV for
our samples (see “Methods”). This gap agrees well with the recent
experimental determination of the gap in FGT of similar quality®.
Thus, the plot does not contain any fitting parameters. The plot pre-
dicts band crossings of the acoustic phonons - with their linear dis-
persion — with the parabolic but gapped magnon spectrum very close
to the T-point at 0.9 meV along all directions in agreement with the
observed peak and dip in the inelastic spectrum (see Fig. 4b-d for band
crossings in three directions and Supplementary Fig. 6 for identifying
magnon-phonon band crossings). As the quadratic magnon dispersion
rises eventually faster, more crossings may appear along the different
directions. Note that the magnon dispersion is anisotropic and in the
[001]-direction, i.e., normal to the vdW layers, the exchange is weak so
that a second crossing with all except the lowest phonon band can be
excluded (see Fig. 4d). Figure 4e shows magnon-phonon band cross-
ings compared with @?//dl? peaks. Along the high-symmetry [100]-
direction, second crossings are expected at 2.3, 3.6 and 5.1 meV in
excellent agreement with the experimental observations. Crossings
along the lower symmetry [120]-direction are expected to have a lower
spectral weight, and the corresponding peaks are not clearly resolved,
or no hybridization occurs in these directions. The theoretically pre-
dicted crossing points are in very good agreement with the position of
the experimental inelastic peaks and dips shown in Fig. 2d, which
clearly demonstrates for the first time the presence of strong magnon-
phonon coupling in one of the most prolific 2D materials. Note that
there are no crossings below the spin-wave gap 0.81 meV. Interest-
ingly, optical phonons also cross the magnon dispersion at higher
energies, where neutron scattering data show that the magnon dis-
persion becomes heavily damped”™. At these energies, no sharp
van Hove singularities are expected, but magnon-phonon coupling for
optical phonons has been detected using Raman spectroscopy®*°".

Model calculations for magnon-polaron excitations

To model our experimental results, we develop a theory of ISTS for
magnon-polaron excitation by tunneling electrons (see “Methods”),
which is beyond the usual ISTS theory widely applied for phonons and

magnons. In ISTS, bosons are excited by tunneling electrons, which is
distinct from inelastic neutron scattering® and Raman spectroscopy®®,
as the electrons themselves deliver the magnetism. This calls for a
quantum field description of the problem. The electrons in a material
cannot be seen as naked particles, but get dressed by their coupling to
bosons. For electrons coupled to phonons, this has been well descri-
bed by Engelsberg and Schrieffer”. The Green’s function of the dres-
sed electron is given by the Green’s function of the bare electron with
its poles in the imaginary part at energies and momenta that corre-
spond to the electron dispersion that becomes lifetime broadened and
obtains side bands or kinks due to the phonon energies and
momenta”’. These are the self-energy corrections of the coupled sys-
tem. Thus, the inelastic tunneling of bare electrons can be regarded as
equivalent to the elastic tunneling of phonon-dressed electrons. In
summary, ISTS can be understood equivalently as an inelastic scat-
tering process mediated by electron-boson interactions or as an elastic
process involving phonon- or boson-dressed electrons. In the method
section, the derivation of the latter viewpoint is given in all detail. It
turns out that the ISTS signal d®//dU* is related to the imaginary part J
of the self-energy 2(¢) in the following way:

d’l 333

= 1
LR M

Figure 5a shows the dispersion of the uncoupled bosons and their
crossing points, and Fig. 5b shows the sum of their DOS. Here, the
magnetoelastic coupling A was set to vanish. As expected, the com-
bined DOS does not show any van Hove singularities in the energy
range below 5 meV. While the phonons have no gap at the zone center,
the magnons display the usual gap due to magnetic anisotropy. Fig-
ure 5c shows the negative derivative of electron self-energy. Without
the coupling of magnons and phonons, the calculated ISTS signal does
not show peaks. The situation drastically changes when the magne-
toelastic coupling is switched on, and the two bosons must hybridize.
As expected, the interaction leads to hybridization near the band
crossings, as shown in Fig. 5d. While this does not influence the DOS of
the bosons (compare Fig. 5b, e) and thus rules out that the observed
peaks in the inelastic tunneling spectra are caused by the DOS, the
hybridization lifts the spin-selection rules in inelastic scattering for
magnon polarons (see “Method” section). As a consequence, the
inelastic scattering cross section is enhanced at the avoided crossings
Fig. 5f and clear peaks evolve at the energy of the avoided crossings.
Outside the peak, inelastic scattering is possible only for phonons, as
magnon excitation is prohibited by the Stoner gap. For the optical
phonon case, see Supplementary Fig. 7.

Thus, each avoided band crossing manifests as a peak in the
derivative of the imaginary part of electron self-energy, namely a peak
in ISTS. Note that generally the acoustic phonon bands have two band
crossings with the magnon band (Fig. 5), while optical phonon bands
have one crossing with the magnon band (Supplementary Fig. 7).
According to the magnon-phonon hybridization scenario (Supple-
mentary Figs. 2-4), different hybrid branches exhibit distinct
magnetic-field responses: the first avoided crossing with acoustic
phonons shifts to higher energies with increasing magnetic field,
whereas the second avoided crossing with acoustic phonons and the
avoided crossing with optical phonons shifting to lower energies.
Thus, the hybrid scenario well explains both the upward shift for the
lowest-energy peak at 0.8 meV and the downward shifts of high-energy
peaks observed in the experiment (see Supplementary Fig. 1). This also
excludes any pure magnon origin, as this would lead only to upward
shifts by the Zeeman energy. A further magnon-polaron band-resolved
analysis, however, needs the full band structures of electrons, phonon
and magnon, and the momentum dependent coupling constants,
which is currently beyond the capabilities of DFT. Finally, the char-
acteristic decrease of the ISTS peak intensity and increase in
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Fig. 5 | Model calculations with and without magnon-phonon coupling. a Band
crossings for magnon and phonon dispersions without magnon-phonon coupling.
Arrows mark the band crossings. b The corresponding DOS for bosons. ¢ The
derivative of the imaginary part of electron self-energy, i.e., ISTS for magnon

polaron. d Avoided band crossings for magnon and phonon dispersions with
magnon-phonon coupling. e The corresponding DOS for magnon polarons. f The
derivative of the imaginary part of electron self-energy, i.e., ISTS for magnon
polaron. Arrows indicate the peaks.

broadening with energy (see Fig. 2c) is in agreement with quasiparticle
lifetime effects of electronic nature. Both within Fermi liquid theory
and Gilbert damped magnetization dynamics, the lifetime of the
excitations decreases with energy, leading to lower peak intensities
and broader peaks, as has been reported before’*?.

Discussion
We demonstrate the first nanoscale observation of magnon polarons
in the metallic ferromagnet FGT using ISTS, spin-polarized ISTS,
magnetic-field and temperature-dependent measurements together
with a microscopic model for magnon-phonon hybridization. These
hybrid excitations emerge near the Brillouin-zone center at the
crossings of magnon and phonon dispersions, exhibiting spin polar-
ization and a distinctive magnetic-field dependence that distinguishes
them from a simple coexistence of uncoupled phonons and magnons.
The coupling of these hybrid excitations to the conduction electrons is
particularly strong in two-dimensional systems, and the suggested
mechanism should be present in any magnetic vdW material, as long as
the phonon and magnon dispersions cross. Owing to the inherently
local nature of ISTS, it also provides a powerful platform for probing
confined magnon-polaron modes in these structured samples.

Our findings open venues not only for magnon-phonon engi-
neering but also for exploring fundamental spin-lattice phenomena.

Magnon-phonon Interconversion

Owing to magnon-phonon coupling, phonons can be used to magne-
tically excite the system at avoided level crossings. Ultimately, the
hybrid bosonic excitations can lead to a chiral nature of the phonons

part with the possibility to guide transport of the angular momentum
of the lattice. One can envisage that strain engineering could be
employed to spatially localize magnons in bulk or even monolayer
FGT, enabling magnon waveguides, or inversely, that magnetic domain
walls can be used to confine phonons.

Magnon-polaron damping

Due to the additional electronic degree of freedom inherent to itin-
erant ferromagnets, we can expect a significant damping of meV
magnon polarons near the band crossings. The magnon polarons can
decay into phonons, magnons or Stoner pairs of conduction electrons
near the hot spots in the dispersion. Consequently, this effect should
be experimentally observable in reduced lifetimes of phonons or
magnons and a change of electric resistivity (Supplementary
Fig. 8*2%%%°) in the energy and momentum range of the crossings.

Angular momentum dynamics by magnon polarons

The formation of magnon polarons has previously been discussed
in terms of spin angular momentum conservation. However, all
three participants of the inelastic process - phonons, magnons and
electrons - naturally exhibit orbital magnetism in addition to spin.
The processes and corresponding experimental manifestations of
spin and orbital angular momentum transfer, conservation, and
dynamics among the three degrees of freedom at the hybridization
points should be explored in the future. Finally, the hybrid bosonic
excitations can lead to a chiral nature of the phonons part with the
possibility to guide transport of the angular momentum of the
lattice.
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Methods

Experimental details

High-quality single crystals Fe;_,GeTe, (x = 0.04) were growth by the
chemical vapor transport method, which have a Curie temperature
Tc = 205K (see Supplementary Fig. 5 for resistivity and ref. 45 for
magnetic susceptibility of our samples). Samples were cleaved at room
temperature in ultra-high vacuum (UHV) using Kapton tape under a
base pressure of p <1 x 107° mbar, and were immediately transferred
to the STM head. This leads to atomically flat surfaces with only very
few step edges separated on the micrometer scale [Fig. 2al. STM
measurements were carried out using a home-built low-temperature
(40 mK base temperature with variations below 3 mK) dilution STM
system“’"

Bandstructure and DOS of phonons

To treat the effect of phonons, we calculate their DOS and dispersion
in FGT from ab initio using the Vienna ab initio simulation package
(VASP)'*" within the local density approximation (LDA)'®* for the
exchange correlation potential. The projector-augmented wave (PAW)
method'® is used to describe the interaction between the electrons
and the nuclei, and 600 eV was selected for the cutoff kinetic energy of
the plane wave expansion. The energy convergence threshold was
chosen as 107 eV and the Brillouin zone (BZ) was sampled with a
15 x 15 x 5 I-centered Monkhorst-Pack grid'®*. The shape and volume of
each cell were fully optimized, and the maximum force in each atom
was less than 0.001eV/A. The dispersion of phonons was calculated
with the code PHONOPY'*'%® in a 3 x 3 x 2 supercell with the finite
displacement method.

Dispersion and DOS of magnons

The strong unidirectional magnetic anisotropy in Fe;GeTe, results in a
spin-wave gap or magnon gap. The spin-wave gap was obtained by
Kittel's formula £, = gg(2K,/Ms — poMs) "%, Here, K, =1.46 x 10°)/m is
the unidirectional magnetic anisotropy, and M = 3.9 x 10° A/m is the
saturation magnetization for our samples®. Thus, the spin-wave gap
obtained is 0.81 meV, which agrees with the work of ref. 94. We note
that a smaller spin-wave gap around 0.5 meV measured by inelastic
neutron scattering is due to the higher Fe deficiency of their
Fe,;,GeTe, samples”, which also results in a lower Tc=160 K",
However, spin-wave stiffness does not show an obvious dependence on
Fe concentration. Therefore, we used the spin-wave stiffness deter-
mined from inelastic neutron scattering for magnon dispersion in our
sample. The magnon dispersion for Fe;GeTe;, in the low energy range
can be expressed as E=E, +D,q; + D,q3} + D;q3, where D; is the spin-
wave stiffness for different directions. Therefore, in the low-energy
W% with D;
constant, where  is the real part. The DOS of the magnon increases at
a square root rate with energy, while keeping at O when E <E,.

range, the magnon density of states (DOS) is N(E) =%

Model calculations

ISTS for quasiparticle excitations. In the following, we introduce the
Hamiltonian for scanning tunneling microscopy, which consists of
contributions from the tip, the sample, and their hybridization as
below:

H=H,,+H

tip sample

+H tunnel’ (2)

where Hy, is the tip Hamiltonian, Hsgmpie is the sample Hamiltonian,
and:

Z ka

Cro TH.C. 3)
p.k,o

tunnel

is the hybridization between tip and sample.

The STM tunneling current is

1=%¢f dsZilWZZ PLf(e) —f(e — eU)]
p,

x N, ()ITH(G (k, £)),

“)

where W)y is the tunneling matrix element, and STr(G’°(k, E)) is the
imaginary part of the trace of the spin-resolved retarded Green
function of the sample®**"'2  In general, the tip DOS and tunneling
matrix elements do not change much in the low-energy range, and are
usually treated as constants.

The measured d?//dU” signal is

2(U)— —%Z |ka|2N (s){ ITr(G°°(k, €)) . )

e=el

The signal is proportional to the imaginary part of the Green’s func-
tion. The retarded Green’s function G(k, E) of the sample can be cal-
culated using the Dyson equation. Expanding the Dyson equation in
powers of the self-energy to the lowest order, i.e.,
Gk, ) = Gk, &) + GO(k, €)2(k, €)G°(k, €), where G°(k, €) is the Green
function of the bare electron, typically viewed as responsible for the
elastic tunneling current. Note that the DOS N(g)= — %SGO(e). The
simplified d®l/dUP>">" is below

&l 0
W(U) ~ ,,Z,:‘ |ka‘2Np(S)Nk(gF)2 {_&sz(k, s)} o (6)
The above equation indicates that ISTS is proportional to the
derivative of electron self-energy. In comparison with ISTS, we can
calculate the derivative of the self-energy due to electron-boson
interaction.
For electron-phonon interaction, the spin-resolved electron self-
energy according to Migdal theorem®”'58 jg

" d
Xo, ()= kz / % 184, 41°G°(k — g, £ — w)D(q, ), )
,q "

with g 4 is the element of the coupling matrix for the electron-phonon
coupling. D(g, ) is the phonon Green function, with the bare phonon
Green function Dy(q, w)= wp the phonon dis-

w—wp}qwin - w+wp1(q)+ir1'
persion, and 17 a positive infinitesimal. When w = w,, it is the phonon
emission, while w = — w,, corresponds to the phonon absorption.

For electron-magnon interaction in an itinerant ferromagnet, the

spin-resolved  electron  self-energy  in random  phase
approximation®®711%120 jg

Ton(€)= Z/ A, PGk~ g6 — (g, 0) 8

em o o kg ’ (el (8)

with my, the element of the coupling matrix for electron-magnon

: 00 - Xff’(qiw)
coupling. x%9(q, w) et

G _ SEro)~fEk+g0) . 101
X0' (@ @)= orer—enonm the Lindhard function
effective Stoner parameter.
X°%(q, w) ~

is the spin susceptibility, with

and Iy the

In the energy near the magnon
] HCAD) i _
Lo (ORXG7 (G, ) /0wl (W= () + XX (G, @)))

dispersion  ,(q),

i PYHCAD) i
Ly @RXG(q, )]0, (0 + Wy (@) + UG (G @)’

To make physics clear, we can

define the renormalized Green function of the magnon
N 4 (‘X)) 27°(q,w) 0,0 -

D@ w)= 5= @+T@w ~ aven@ TG oy where Z7"(q w)=
Xo'(9.0) is the renormalization factor and [(q,w)=

Legr@0XG (G, ©)/0010y,
3X3°(q, w)/(dRXG° (g, w) /0w, ) is the inverse lifetime of the magnon.
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The Green functions of a phonon and a magnon in an itinerant
ferromagnet are very different. Phonon creation or annihilation
depends on the electron-phonon coupling strength. However, in
addition to the electron-magnon coupling strength, magnon creation
or annihilation are also weighted by the renormalization factor
7°9%(q, w) determined by the spin-flip scattering between the spin-up
and spin-down electronic structure. Generally, Z°°(0, w) ~ 0, which
means that excitation of magnons with very small q is forbidden. In the
Stoner continuum, /(g, ) is large, indicating the fast damping of the
magnon. Only in the Stoner gap, /(q, w) is very small and a long lifetime
magnon exists. Moreover, Z°(q, w)#Z%°(q, — w). This inequality,
together with spin-polarized electron DOS (i.e., N'(¢) # N*(¢)), breaks
the symmetry of magnon creation and annihilation compared to that
of phonon.

Effective hamiltonian. To calculate the electron self-energy, we
derived an effective electron-magnon-polaron interaction model. First
of all, we start with the Hamiltonian for an itinerant ferromagnet with
strong magnon-phonon coupling. This approximation is reasonable
for FGT. Since it has a moderate electron-phonon coupling
constant”?, and a comparable electron-magnon coupling constant”,
while the magnetoelastic coupling is strong'®, With this approximation,
we can first diagonalize the Hamiltonian for the magnon and phonon
with only magnon-phonon coupling'®™?. Then, the electron interac-
tion with the magnon polarons was taken into account, and the
electron-magnon-polaron coupling matrix elements are obtained. In
the end, we obtain an effective Hamiltonian with electron-magnon-
polaron interaction.

The Hamiltonian of FGT has electrons, phonons, magnons, and
interactions with each other.

sample Zekackock0+z hw a aq+z hw b

t
+ Z gk.qc(k+q)acka(aq taly)
g,k,q

t ¥ T
+ 2 Mg Clr gy B * Clea gy 11 bLg)
.

+ Y Aglag+al )by +bly).
q

©

with g, the electron-phonon coupling matrix element, my, the
electron-magnon coupling matrix element, and A; the magnon-
phonon coupling strength or magnetoelastic coupling. Note that the
magnon-phonon coupling term can be diagonalized by Bogoliubov
transformation'”'*, In fact, (a bt +a,qbq) conserves the total
number of bosons, while (a_qb +a b,) does not, which is usually
lgnoredm 127,

The electron-phonon coupling matrix element gy, is usually
small, the electron-magnon coupling matrix element ny, is large and
of the order of the exchange interaction between the local spin S and
the electron spin o (/.,65)*, but is forbidden for low-energy and
momentum transfer due to the Stoner gap, that is, there are no pairs of
states with small energy difference in bands of opposite spin. The
hybridized magnon-phonon mixes spin degrees of freedom with lat-
tice vibrations such that the spin in the lattice becomes ill defined. We
will have terms containing magnon-phonon mixing in the Hamiltonian,
mainly at the crossings of magnons and phonons.

Firstly, without electron-magnon and electron-phonon interac-
tions, the magnon-phonon interactions with a total number con-
servation term only can be diagonalized to magnon polarons,

following refs. 125-127, i.e., Ay = ugaq + Ugbg B, = ugbg — v4a,, where
u -2/“2;"’5 andu, =, /%5 with W=/ 0} +4A; and ws = (Wn ~ wp) for
Ag# 0% WhenA,=0,u,=1and v, = O Note that u+vz=1with u,
and vg € [0,1], lndlcatmg the total number conservatlon of magnon

and phonon. At the avoided level crossing, the bosons are equally
a,+b, by—a,
weighted as A4, 5 and B, = " withu=v=./1/

Secondly, takmg the electron magnon and electron-phonon
interactions into account by using the magnon-polaron basis, we can
obtain the Hamiltonian with the electron-magnon-polaron interaction
as

H= Zekgckackg + ZfzwAA Ag++ ZhwfI’Bqu

+ Y @A, +A*q>+ﬁ (B, +B*q>>c(k+q>afckw
ko, qo’

10)

where electron-magnon-polaron coupling matrix in spin space is

below
o = 8k qlq M, qY
k,g~ y
T\ M gVy 8rqlq
_ [ “8kqYq M qlUq
Bk,q - _ .
My qUy  —8k.qVq
The above Hamiltonian describes the electron-magnon-polaron
interactions. It is similar to electron-phonon or electron-magnon
interactions. Note, however, that the matrix elements are now mixed,
i.e., inelastic excitations are possible with and without spin flip. The
strict selection rules that forbid magnon excitation in the Stoner gap
are lifted. Therefore, ISTS can be used to efficiently detect magnon
polarons.

Based on the above effective Hamiltonian, we can derive the
electron self-energy as

an

[ 58 5 67k~ g, — 0ID(g, ).

o= )

ko, qo’

12)

Here, v = A, B is the magnon-polaron band index, and D(g, w) is
now the Green function of the magnon-polaron. When o' =0,
D(q, w)= = - (q)ﬂrep o7 wm,,%q)ﬂr , where wg,(q) is the magnon
polaron dlSperSlOﬂ and I, the inverse lifetime due to the electron-
phozT;)B) interaction. However, when o'=6, D(q, w)= wwz(‘fiq‘;’i[rem
T O @ T with I, the inverse lifetime due to the electron- -magnon

mteractlon

ISTS for magnon polaron excitations. Here we start from the effec-
tive Hamiltonian obtained to calculate the derivative of the imaginary
part of electron self-energy as a result of electron-magnon polaron
interactions, which incorporate electrons, phonons, magnons and
interactions between each other. As an implementation with ab initio
dispersions of all these three quasiparticles is currently not feasible
due to computational limits, we focus on the physics of this problem
using empirical models for these quasiparticles, i.e., the free electron
model with exchange splitting, the Debye model for acoustic phonon,
and the quadratic dispersion for magnon. To highlight the magnon-
phonon coupling induced selection, we use minimal assumptions for
the interactions between electron, phonon and magnon, i.e., treating
the electron-phonon coupling matrix element g, (= 0.01eV for a
moderate electron-phonon interaction”), the electron-magnon cou-
pling matrix element my 4 (% Sz =1.4 eV with4,,=1.05eVand $=0.74
for FGT'®) and the magnon- phonon coupling matrix element A, as
constants. Note that no magnon-phonon coupling strength is reported
for FGT, but for FePS;, the reported hybridization gap is = 0.25 meV®°.
In the Stoner gap, Z%%(q, w)(~ 0.001)< <1 and /(g, ) is very small.
Then, only the electron-magnon-polaron coupling matrix is g-depen-
dent, i.e., a; and ;. Moreover, this momentum dependence originates
from the g-dependent u, and v,, which depend on the magnon-phonon
coupling. With these approximations, we obtained the derivative of
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the imaginary part of the self-energy as below

—03%(e)/0e ~ sgn(e) > [V 1PN (Ep) +1yo° P12 IN°(Ep)IF (o).

v,0

13)

Here, F,(¢) is the magnon-polaron DOS with band index, and N°(EF)
is the spin-resolved electron DOS at the Fermi energy. According to Eq.
(6), d’I/dL? = Eq. (13). We note that the damping of the phonon and
magnon due to electrons is not considered, resulting in an energy-
dependent decay behavior as observed in experiments.

Data availability

The data supporting the findings of this study are provided in the
Article and Supplementary Information. The raw data generated in this
study have been deposited in Radar4KIT under DOI: 10.350970/
atenzyzbféeqsyyy.
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