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Tuneable electron—magnon coupling of ferromagnetic surface
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Controlling spin wave excitations in magnetic materials underpins the burgeoning field of magnonics. Yet, little is known about how
magnons interact with the conduction electrons of itinerant magnets, or how this interplay can be controlled. Via a surface-sensitive
spectroscopic approach, we demonstrate a strong electron-magnon coupling at the Pd-terminated surface of the delafossite oxide
PdCoO,, where a polar surface charge mediates a Stoner transition to itinerant surface ferromagnetism. We show how the coupling is
enhanced sevenfold with increasing surface disorder, and concomitant charge carrier doping, becoming sufficiently strong to drive
the system into a polaronic regime, accompanied by a significant quasiparticle mass enhancement. Our study thus sheds light on
electron-magnon interactions in solid-state materials, and the ways in which these can be controlled.
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INTRODUCTION

Low-dimensional systems offer enormous potential for stabilising and
controlling magnetic states and textures'?. However, magnetic
fluctuations are known to destabilise long-range order in two-
dimensional (2D) systems (the famous Mermin-Wagner theorem?®).
While magnetic anisotropy can allow long-range order to develop
again*?, fluctuations can still be expected to play a crucial role. This
necessitates their fundamental study, and potentially provides exciting
opportunities in which to control magnonic excitations for spintronic
technologies. 2D magnetic systems can be realised in a top-down
approach, by exfoliating few/single layers from a bulk van der Waals
magnet'®”, or in a bottom-up approach, by realising magnetic order
in a thin-film or surface geometry. The delafossite oxide, PdCoO,, has
recently been demonstrated as a model host of the latter®.

While PdCoO, is a non-magnetic Pd d® metal in the bulk®, its polar
crystal structure (Fig. 1a) leads to pronounced charge carrier doping
at the surface ®'9'2, For the Pd-termination, the resulting self-
doping is electron-like, which acts to shift a large peak in the
unoccupied density of states towards the Fermi level. This in turn
triggers a Stoner instability, generating a 2D ferromagnetic surface
layer, as predicted by density-functional theory®'' and confirmed
from electronic structure® and anomalous Hall measurements'3. This
thus provides a model environment, accessible to spectroscopic
probes, in which to study the influence of magnetic excitations on
the electronic structure of a 2D magnet. Here, we use angle-resolved
photoemission (ARPES) and scanning-tunnelling microscopy and
spectroscopy (STM/S) to investigate this system, finding evidence for
a strong and highly tuneable electron-magnon coupling.

RESULTS

Electronic structure of the Pd-terminated ferromagnetic
surface

Figure 1 shows an overview of the surface electronic structure of
PdCoO, as measured by angle-resolved photoemission spectroscopy

(ARPES) and scanning tunnelling microscopy (STM). The crystal hosts
two distinct surface terminations (Fig. 1a): a Pd-terminated surface
and a CoO,-terminated one. These would be expected with
approximately equal probability, with a typical cleaved sample
having both types present. Consistent with this, our measured ARPES
spectra shown in Fig. 1b exhibit signatures of the electronic states
associated with both surface terminations. A pair of heavy hole-like
bands around the Brillouin zone centre derive from the CoO,-
terminated surface '®'?, and will not be considered further here.
Several additional low-energy states are observed, which we have
previously attributed as deriving from the Pd-terminated surface®. Of
particular relevance here are the two pairs of exchange-split
ferromagnetic surface states labelled (a,8) and (y,6) in Fig. 1b%. The
very flat band top of the spin-majority a-band is visible =~ 100 meV
below Eg. Its high associated density of states would sit at the Fermi
level in the non-magnetic state; this is responsible for triggering a
Stoner transition to itinerant surface ferromagnetism2'! pushing this
flat band below E; as observed here.

To confirm that these key electronic states are indeed derived
from the Pd-terminated surface, we have performed STM
measurements to selectively probe a single surface termination
(Fig. 1c)'*. While the intrinsic defect density in the bulk is
extremely low'®, we find a number of defects are present in our
STM measurements. We tentatively attribute these to Pd vacancies
at the cleaved surface. Such surface defects could in principle also
be due to residual H absorption'é, although we note that the STM
measurements here were performed in cryogenic vacuum making
that scenario less likely. Clear quasiparticle interference (QPI)
patterns are visible around the defects, permitting a local
measurement of the surface electronic structure. The Fourier
transform of the QPI patterns, shown in Fig. 1d, exhibits two clear
concentric circles, whose wavevector is in good agreement with
intra-band scattering of the y and 6 Fermi surfaces observed by
ARPES. An energy-dependent cut through the QPI data (Fig. 1e)
confirms this assignment from the electron-like character of these
pockets, while an additional intense QPI signal at 100 meV below
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Fig. 1 Electronic structure of the Pd-terminated ferromagnetic surface of PdCo0,. a Schematic of the crystal structure (side view) of
PdCo0,. After sample cleaveage, a CoO, surface termination (left) and a Pd termination (right) are both present. b ARPES spectra (hv =80 eV
along I-M and hv = 82 eV along I-K) show the superposition of spectral weight arising from both terminations. The labelled a-8 and y-6 bands
derive from the Pd-terminated surface, and represent pairs which are exchange-split by a surface ferromagnetism. ¢ STM topographic image
of a Pd-terminated region. d The STM quasiparticle interference map (bottom) from a Pd-terminated region is in good agreement with the
Fermi surface measured by ARPES (top), determined by the y and § bands. Signatures of such electron-like bands are also visible in energy-
dependent QPI measurements (e) for intra-y and intra-6 band scattering, reported together with the corresponding fits. Additional spectral
weight at 0.1 eV binding energy can be attributed to intra-a band scattering, in good agreement with the flat top of the a band observed
by ARPES.
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Fig. 2 Electron-boson coupling. a Electronic structure measurements (hv = 90 eV, measured along the T-K direction) showing the y and &
bands. The non-interacting, bare band, dispersion is taken as a k - p band, set to match the Fermi wavevectors of the experimental dispersions
as described in the Methods. b The real and imaginary parts of the electron-boson self energy extracted from the data and from a Migdal-
Eliashberg calculation as described in the Methods. A two-phonon model (grey lines) fails to describe the experimentally determined self
energy, while a three-mode model (red line, with coupling to two phonons plus a magnon mode) is in much better agreement. The arrows in
(b) show the characteristic mode energies. The real and imaginary parts of the self-energy retain causality through Kramers-Kronig
transformation.

the raw data, and in fits to momentum distribution curves
(MDCs) shown as blue markers in Fig. 2a. Typically, such spectral

the Fermi level, peaked around q=0 and with little evident
dispersion, is consistent with the flat top of the a band observed

in the ARPES.

Quasiparticle dynamics

Having confirmed the electronic structure of the ferromagnetic
Pd-terminated surface of PdCoO,, we will focus now on
spectroscopic signatures of marked electronic interactions
evident for these surface states. Figure 2a shows in detail the
y and 6 bands. While the minority-spin 6-band appears to be
well described as a simple parabolic band, the y-band exhibits
several anomalies, or ‘kinks’, in its dispersion. These are visible in
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kinks are signatures of an electron-boson coupling, which can
be described via an electronic self-energy. To investigate this
further, we have extracted the self-energy from a self-consistent
analysis of our ARPES measurements (see Methods), and report
the Kramers-Kronig-consistent real and imaginary parts of the
electron-boson self-energy in Fig. 2b (the full self energy with
the electron-electron contribution included is shown in
Supplementary Fig. 1).

Two steep rises in the real-part of the electron-boson self-energy
are visible at hw; =50 meV and at hw, =130 meV. These are in
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approximate agreement with phonon energies reported in the
literature for PdCoO,'’~'°. The low-energy kinks of our measured
data can thus be satisfactorily attributed to electron-phonon
coupling. However, there is an additional broad hump in the
extracted real part of the electron-boson self energy which extends
out to >300 meV. This is an implausibly high energy to be due to a
phonon mode (well above the highest phonon mode energies of =
150 meV expected for PdCoO,'’~"). Indeed, a model self-energy
calculation including only coupling to phonon modes fails to capture
the high-energy part of the extracted experimental self energy for
any electron—phonon coupling strength (the best fit is shown as the
grey lines in Fig. 2b; see also Supplementary Fig. 2). We thus
conclude that there must be a third boson mode that is active here,
with a characteristic energy scale of >200 meV, and which exhibits a
marked coupling to the electronic sub-system. The high associated
energy scale of this boson mode suggests that it may have a
magnetic origin: in other itinerant ferromagnets, the spin-wave
spectra are known to extend to similarly high energies of, for
example, >300 meV in Fe, >500 meV in Co and =500 meV in Ni?%?",

Previous ARPES measurements have observed signatures of the
coupling of electrons with such magnetic excitations in elemental
magnetic metals®>~?*, including for their 2D surface electronic
states?®?”, with spectroscopic signatures and energy scales very
similar to those observed here. This can be understood via a process
similar to the observation of electron-phonon coupling in ARPES:
upon photoemission from a majority-state band, the resulting
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photohole can be filled by an electron with opposite spin
accompanied by the emission or absorption of a magnon. None-
theless, the different dispersion relations of phonons and magnons
lead to differences in the functional form of the corresponding self-
energy (see “Methods”). While we cannot describe our measured
self-energies solely using electron-phonon-based models, extend-
ing them to include electron-magnon coupling leads to excellent
agreement with our experimentally determined self-energies
(Fig. 2b). The determined characteristic mode energy (left as a free
parameter in fits to our experimental self-energies) is at 245 meV,
while it exhibits a moderate coupling strength, Ac.mag = 0.55 £ 0.05,
similar to, but slightly higher than, the coupling strength to the two
phonon modes at lower energies: )\eLph =0.30+0.02 and
)\glzl , = 0.25+0.03. These values are in rather good agreement
with calculated electron-paramagnon and electron-phonon cou-
pling constants, respectively, in bulk elemental Pd?®-3°, which is
itself thought to be close to a ferromagnetic instability.
Intriguingly, we find a strong sample-to-sample and spatial
variation of the strength of the electron-magnon coupling.
These are summarised in Fig. 3a (see also Supplementary Fig. 3).
The electronic structure remains qualitatively the same as that
shown in Fig. 1. However, the measured Fermi velocity extracted
from fits to MDCs (Fig. 3b) decreases by a factor of =3 across
these samples. At the same time, we observe a shift of the
binding energy of the flat portion of the a-band towards the
Fermi level by =40 meV (Supplementary Fig. 4). The latter likely
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Fig.3 Surface-dependent variation of electron-magnon coupling strengths. a Electronic structure measurements of the y and 6 bands as a
function of hole-doping. A pronounced increase in the band renormalisation is observed from the left to the right measurement, which were
performed on different patches of the same sample (S1 and S2) and on different samples (S3 and S4). b Fits of MDCs (shown here as a function
of k,k; shifts in ke of the y band between the samples are not resolvable experimentally) show a strong increase in effective mass at the
Fermi level (decrease in the Fermi velocity). By tracking the binding energy of the flat portion of the a band (see Supplementary Fig. 4), we find
that this is correlated with an increasing hole doping (c). Fitting the extracted self energy for these and additional samples, we find that the
increased Fermi velocity (red) results due to a large increase in electron-magnon coupling strength, while the electron-phonon coupling
strength does not vary significantly. d Large-scale topography measured by STM shows a significant concentration of impurities (likely Pd
vacancies) distributed across the cleaved Pd-terminated surface, which likely give rise to the variable hole doping determined above.
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arises due to surface Pd vacancies. These are readily apparent in
our STM measurements (Fig. 3d), and would act to partially
counteract the polar surface charge, in turn leading to a
reduction of the electron-like doping at the surface with respect
to the hypothetical bulk-like surface termination.

For the STM measurements presented in Fig. 3d, we estimate
a surface Pd vacancy concentration of ~2%. This would lead to a
nominal surface carrier density of 0.48 electrons/unit cell (el/u.
c.), in good agreement with the Luttinger count of the ARPES-
measured Fermi surfaces from sample S1 (Fig. 2a). Assuming a
rigid band shift with increasing Pd vacancy concentration,
we estimate from tight-binding analysis (see Supplementary
Figure 5) that the variations observed across our samples here
correspond to variations in the surface electron concentration of
a further 0.02 el/u.c., corresponding to a further 2% of vacancies
in the surface Pd layer. While high concentrations of Pd
vacancies would lead to exposed areas of CoO,-terminated
surface, the low concentrations of Pd vacancies observed here
are thus best considered as isolated point defects, consistent
with our STM measurements and providing a natural source of
charge carrier doping.

Tuneable electron-magnon coupling

Taken together with the change in Fermi velocity, the above
findings indicate a dramatic enhancement of the many-body
renormalisations of the surface electronic structure with hole
doping from surface Pd vacancies. From model fits to the electronic
self energy from our ARPES measurements, we find that it is the
magnon mode identified above which exhibits a strongly varying
coupling strength, while the electron-phonon coupling remains
unchanged within experimental error (Fig. 3c, see also Supple-
mentary Fig. 6). The enhancement of this electron-magnon
coupling is dramatic, reaching coupling strengths on the order of
A =3, where a weak-coupling Migdal-Eliashberg picture would be
expected to break down.

Indeed, for the sample marked S4 in Fig. 3, our weak-coupling
models fail to adequately describe the extracted dispersion from
our ARPES measurements. We show the measured dispersion
again in Fig. 4 with a different contrast. It is clear that the quasi-
particle band is strongly renormalised, having an occupied band
width of only =100 meV, significantly reduced compared to the
>400 meV occupied band width for sample S1 seen in Fig. 2.
Within a Migdal-Eliashberg approach, this would imply a
quasiparticle residue Z=mo/m"<0.25, a rather low value, and
outside the regime of applicability of this approximation.
Consistent with this, instead of simply generating a kink in the
dispersion, we note that this strong electron-magnon coupling
leads to a replica of the quasiparticle band, evident in our
measurements as a weak dispersive feature with the same
dispersion as the quasiparticle band, but shifted to higher
binding energies by =230 meV (Fig. 4b). This is similar to the
replica features observed in other systems due to strong
coupling with phonons3'=3° or plasmons3%37, generating polaro-
nic states. The separation between the quasiparticle band and
the replica band observed here is equal to the characteristic
mode energy of the magnon mode determined from fitting our
data for lower coupling strengths (Fig. 3), and so we attribute this
as a shake-off replica due to the strong electron-magnon
coupling here. Its spectroscopic signatures are largely indepen-
dent of photon energy (Fig. 4c). Together with the large
quasiparticle mass renormalisation observed, this rules out that
the replica band results from extrinsic photoelectron energy
loss3®, and instead indicates that the intrinsic electron-magnon
coupling becomes strong enough to drive the system into a
polaronic regime.
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Fig. 4 Magnonic polarons. a Measured y-band dispersion for the
sample with strongest electron-magnon coupling (54, same data of
Fig. 3a) but with modified contrast. The y band is strongly
renormalised, with the coherent quasiparticle band having an
occupied bandwidth of only ~100 meV (measurement taken at hv =
80 eV). b A replica of this band is evident, shifted to higher binding
energies by the characteristic magnon energy of =240 meV,
indicative of polaron formation. ¢ Energy distribution curves taken
at the momentum value indicated by the green line in (a) show how
this replica band feature is independent of photon energy, pointing
to a strong intrinsic electron-magnon coupling regime.

DISCUSSION

Our measurements above indicate a dramatic enhancement of
electron-magnon coupling due to increased disorder (vacancy
concentration) of the cleaved surface. This can impact the coupling
of magnons to the itinerant electrons in multiple ways. First, with
the concomitant increased hole doping, the flat top of the a band
is shifted towards the Fermi level (Fig. 3c). Correspondingly, the
onset of the Stoner continuum from finite q spin-flip electron-hole
excitations will be shifted to lower energies. The collective magnon
mode will thus enter the Stoner continuum more rapidly,
becoming Landau-damped and leading to a decreased quasipar-
ticle lifetime, and thus enhanced coupling strength, as we observe
here. We also note that the magnetism predicted in this surface
layer by density-functional theory is only stabilised by a surface
relaxation which increases the surface Pd-O bond length®,
The stability of the magnetic order, and as a consequence the
strength of the electron-magnon coupling, is thus likely to be
extremely sensitive to structural distortions and defects. Indeed, we
find that the linewidth at the Fermi level also increases with hole
doping here, a clear indicator of an enhanced electron-impurity
scattering pointing to increased surface disorder which accom-
panies the increased electron-magnon coupling strength.

The detailed mechanisms by which the electron-magnon
coupling becomes enhanced here require further detailed theore-
tical study. Nonetheless, our experimental results point to a
surprisingly large response of this coupling to small changes in
carrier concentration and surface disorder. This firmly establishes the
surface states of PdCoO, as a model system in which to investigate
the coupling of itinerant electrons to spin excitations, of funda-
mental importance to understand the limits of stability of magnetic
order in 2D. We hope that the findings presented here motivate
future studies aimed at gaining true deterministic control over
the large changes in electron magnon coupling which we have
observed. In this respect, we note the enormous recent progress on
the growth of thin films of PdCo0,*°*2, in some of which signatures
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of the ferromagnetism of the Pd-terminated surface have already
been reported in transport measurements'>. Such thin films would
be ideally suited for studies of gate-tuning of surface doping (or
even surface disorder) via, e.g., ionic liquid gating. Our results above
show that for changes in the surface carrier concentration accessible
to such gating techniques, the electron-magnon coupling at
PdCoO, surfaces can be driven from a weak- to a strong-coupling
polaronic regime, opening tantalising possibilities for studying the
creation and control of spin-polarons.

METHODS

Angle-resolved photoemission

Single-crystal samples of PdCoO, were grown via a flux method in sealed
quartz tubes*®, These were cleaved in situ at the measurement temperature
of =10K. ARPES measurements were performed at the 105 beamline of
Diamond Light Source, using a Scienta R4000 hemispherical electron
analyser, and photon energies between 70 and 90eV. All measurements
used linear-horizontal (p-) polarised light. The lateral spot size of the photon
beam on the sample is =50 um.

STM measurements

The STM and tunnelling spectroscopy experiments were performed using a
home-built low-temperature STM that operates at a base temperature
down to 1.8 K*. Pt/Ir tips were used, and conditioned by field emission on
a gold target. Differential conductance (d//dV) maps and single point
spectra were recorded by means of standard lock-in technique (see also
Supplementary Fig. 7), with the frequency of the bias modulation set at
413 Hz. The STM/S results reported here were obtained at a sample
temperature of 4.2 K.

Self-energy analysis

The electron-boson self-energy was extracted through a self-consistent
analysis. The bare band is described by a nearly-parabolic k - p band, whose
Fermi wavevectors are fixed to the experimental value. The parameters that
describe the non-interacting band have been iteratively determined such
that the causality connection between the extracted real and imaginary
parts of the self energy enforced by Kramers-Kronig transformation is
preserved. The electron-electron contribution to the self energy has been
subtracted from the self-energies shown in Fig. 2b to aid the comparison of
the electron-boson contribution. The full extracted self energy, including
electron-electron contribution, is shown in Supplementary Fig. 1.

The real and imaginary parts of the self-energy have been modelled
using a Migdal-Eliashberg approach. The electron—-phonon interaction was
described by a conventional two-phonon Debye-model with characteristic
cut-off energies. Finite temperature was also included in the model, as
described in ref. >, For the electron-magnon coupling, the magnon
dispersion relation, Wmgn « G? yields a density of states proportional to the
square root of the energy, Dmgn w?. This manifests in a different shape of
both real and imaginary parts of the self energy compared to the one
expected for phonons (D, & w). This approach is similar to what has been
used in ref. 2, Under the Migdal-Eliashberg approach, the contribution of
electron-boson coupling to the imaginary part of the self-energy is
calculated as:

%zelectron—boson((JJ7 T) — ﬂfoﬂlmax C(Z(OJ/>F((.U/>[1 + 2”(0)/)

1
+H(w+ ) — f(w— w)]|do' @

where wmax is the highest energy allowed for the boson mode, flw) and
n(w) are the fermion and boson distribution, respectively, and T is the

temperature. For the phonons, a?F(w)=0 if W>wmyx and a?F(w) =
)\(w/wmax)2 for w < Wmax. In an analogous way, for magnons, aF(w) = 0 if
W > Wmax and 2F(w) = /\mgn(w/wmgn)% for w < Wmax, Where Ay,gn, represents
the electron-magnon coupling strength of the system?,
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The research data underpinning this publication can be accessed at https://doi.org/
10.17630/1914b7df-3421-422a-8697-774a149c7f00.
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