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We report energy renormalizations from electron-phonon and electron-magnon interactions in
spin minority surface resonances on Ni(111). The different interactions are identified, disentangled,
and quantified from the characteristic signatures they provide to the complex self-energy and the
largely different binding energies at which they occur. The observed electron-magnon interactions
exhibit a strong dependence on momentum and energy band position in the bulk Brillouin zone. In
contrast, electron-phonon interactions from the same bands appear to be relatively momentum- and
symmetry-independent. Additionally, a moderately strong (λ > 0.5) electron-phonon interaction is
distinguished from a near-parabolic spin majority band not crossing the Fermi level.

I. INTRODUCTION

In condensed matter, the interplay of electrons and
other fundamental and collective excitations can induce
new and exotic phases of electronic ordering. Perhaps
most studied is the coupling between electrons and lat-
tice vibrations (phonons) which can trigger an effective
and attractive electron interaction and lead to supercon-
ductivity in elementary metals [1]. While low TC super-
conductivity can be well explained from electron-phonon
coupling (EPC) alone, other and less conventional pairing
mechanisms have been suggested as ingredients of high
TC superconductivity [2–5]. In superconducting ferro-
and antiferromagnets, electrons can also couple to spin
waves (magnons) [6–12]. Electron-magnon interactions
are furthermore expected to mediate proximity-induced
superconductivity across magnetic interfaces [13–18].

For the experimental study of many-body interac-
tions with electrons, angle-resolved photoemission spec-
troscopy (ARPES) is the tool of choice as the complete,
complex self-energy can be extracted from the measured
electronic bandstructures [19–23]. While EPC has been
extensively studied using ARPES, there are only a hand-
ful of reports of electron-magnon couplings (EMC) avail-
able [24–31]. The majority of these consider couplings
only in specific electron bands or over small sub-regions
of reciprocal space. This motivates the need for further
investigations of the EMC – for instance, exploring how
the interactions can vary between different spin bands
and throughout the Brillouin zone (BZ).

Herein, we present a thorough study of the many-body
interactions present in Ni(111). Electron-phonon and
electron-magnon interactions are unraveled from differ-
ent spin bands, at several different positions in the bulk
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BZ, and along several high-symmetry directions of the
projected bulk BZ (hereinafter referred to as the PBZ).
The EPC and EMC are disentangled from one another
based on their characteristic signatures and contributions
to the electron self-energy. The EMC of the spin mi-
nority bands exhibits a strong dependence on the elec-
tron momentum, i.e., the location within the bulk BZ,
both in interaction strength and regarding the partici-
pating magnon modes. In contrast, the EPC is much
less momentum-dependent and visible with reasonable
strength in both the spin minority and majority bands.
First, an overview of the electronic structure of Ni(111)

is given in Section IIA. Next, the different many-body
effects observed from its spin majority and minority
bands are discussed, disentangled, and quantified in Sec-
tion II B. A summary and final remarks are given in Sec-
tion III. Additional details about the experiments and
many-body analysis are given in the Appendices VA-VC
and the Supplementary Note [32].

II. RESULTS AND DISCUSSION

A. Electronic Structure and Surface Resonances

An overview of the electronic structure of Ni(111) near
the Fermi level (EF) is shown in Fig. 1. Along the
[111] direction the bulk BZ of Ni is projected onto a
two-dimensional zone that is hexagonal and threefold
symmetric (Fig. 1a) [33]. The projected Fermi sur-
face is shown in Fig. 1b: as measured by ARPES with
hν = 21.2 eV (left), and as calculated from first principles
(DFT) while accounting for the available free-electron
final-states at this photon energy (right) [20, 34, 35].
Approximately halfway from Γ̄ towards the edge of

the first PBZ, two different spin minority contours and
one spin majority contour can be distinguished near EF.
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FIG. 1. The electronic structure of Ni(111). (a): Sketch
showing the projection of the bulk Brillouin zone of Ni onto
the (111) plane. (b): Measured constant energy surface of
Ni(111) at EF (left) and the calculated bandstructure with
free-electron final states (right), both using hν = 21.2 eV.
(c): Volumetric representation of the measured Ni(111) band-
structure. The energy cut has been performed from Γ̄ and
along the ±bs directions as shown in (b). (d): Measured
bandstructure (E vs. k||) along the +bs direction. A clear
spin splitting of the states can be seen close to EF. The
assignment of minority and majority states is based on the
density functional theory calculation in (b). (e): Photoemis-
sion intensity as a function of final state wave number kz. (f):
The calculated, unrenormalized spin minority surface states
(red) of Ni(111) along the +bs direction. The shaded back-
ground (gray) represents the surface-projected, spin majority
bulk bands. Surface resonance states can be observed near
(EB, k||) = (0.0 eV, 0.82 Å

−1
).

The mentioned spin bands all meet near the M̄
′
high-

symmetry point, and approximately halfway between M̄
′

and K̄ a maximum separation between the bands is seen.
Defining an in-plane momentum vector bs (∝ k||) from

Γ̄ and towards the PBZ boundary between M̄
′
and K̄

(Fig. 1b), the local energy dispersion E(k||) of the spin

bands can be investigated. An example cut along the
directions ±bs is shown in Fig. 1c with two prominent
spin bands highlighted (dashed rectangle). As further
demonstrated in Fig. 1d, the two bands are nearly paral-
lel and almost straight in the topmost 100meV near EF.
Based on the free-electron final-state dependent calcula-
tions (Fig. 1b), the dispersion furthest away from Γ̄ at
EF is interpreted as a spin majority band, and the one
closer to Γ̄ as one of two possible spin minority bands.
Notably, a two-dimensional, dispersionless behavior

can be observed from the mentioned spin minority and
majority bands. While their surrounding energy band
features at EF readily disperse with wave vector kz along
the bulk Γ → L direction, the two parallel spin bands
appear approximately linear, with little or no kz depen-
dence (Fig. 1e). These are common features of states
that are localized or quasi-localized perpendicular at the
atomic surface where the kz symmetry is broken [19].
In Fig. 1f, the calculated, unrenormalized spin minor-

ity surface states of Ni(111) along bs are shown, some of
which appear to qualitatively resemble the dispersion of
the measured spin minority states highlighted in Fig. 1d.
The calculated spin minority states (Fig. 1f, red) appear
to overlap with the projected spin majority states from
the bulk (gray), thereby enabling coupling between sur-
face and bulk states through spin-flip scattering processes
by the absorption or emission of magnons [24]. A sim-
ilar overlap is also present between the calculated spin
majority surface states and the projected spin minority
bulk bands (see the Supplementary Note [32]). Hence
the measured, kz-independent bands in Figs. 1d and 1e
are interpreted as surface resonance states [19, 24]. The
calculations suggest that a handful of similar states exist

near EF with k|| = 0.7-0.8 Å
−1

. Several different res-
onances should, therefore – in principle, be observable
from ARPES measurements.

B. Signatures of Electron-Boson Interactions

The spin bands in Figs. 1c and 1d contain appar-
ent signs of broadening over the binding energy range
EB = 0 − 400meV. Typically, such energy broadening
can be described by various quasiparticle renormaliza-
tions, signaling a reduced lifetime τ and associated in-
creased self-energy Σ for the electron states [21]. One
can often assume Σ(k, ω) to vary slowly with momentum
when observed over a narrow range of E vs. k – for in-
stance, within the interaction region of a renormalized
electron energy band [36]. The measured ARPES inten-
sity at a temperature T is then proportional to a simpli-
fied expression for the spectral function A(k, ω) [20, 21]:

I(k, ω) ∝ A(k, ω) = π−1 ImG(k, ω)

=
−π−1 ImΣ(ω)

[ℏω − ε(k)− ReΣ(ω)]
2
+ [ImΣ(ω)]

2 . (1)
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FIG. 2. Electron-boson coupling (EBC) in the spin minority

band along −bs near the high-symmetry points M̄ and K̄
′
.

(a): The measured energy bandstructure, overlaid with the
unrenormalized (green) band and the experimentally deter-
mined, renormalized spin band position (red triangles). (b):
The real self-energy Re Σ of the fitted band in (a). The Re Σ
(gray) found from Eq. 2 is shown to satisfy causality with Im Σ
through the Kramers-Kronig transformation (blue). A three-
boson model (purple line) consisting of two distinct electron-
phonon couplings (EPCs) with energies ℏωph = 18 meV and
ℏωph = 36 meV, respectively, and one electron-magnon cou-
pling (EMC) with energy ℏωmag = 154 meV, best describes
the measured line shape. The individual EPC (dashed or-
ange) and EMC (dashed black) models are highlighted.

A(k, ω) is again proportional to the imaginary part of
the one-particle Green’s function for the photoexcitation
process. Notably, Eq. 1 states that for cuts through the
data at constant binding energy ℏω, A(k, ω) will assume
a Lorentzian line profile with a peak maximum at the
value of k where ℏω = ε(k) + ReΣ(ω) and a full width
at half maximum FWHM = 2 ImΣ(ω). By extracting
and fitting momentum distribution curves (MDCs) at
each measured energy one can then estimate the real and
imaginary components of Σ as [25, 27, 36]:

ReΣ(ω) =E(k)− ε(k), (2)

|ImΣ(ω)| = |dε/dk| · |∆k|. (3)

Here, E(k) ≡ ℏωk is the measured energy band disper-
sion, ε(k) is the unrenormalized band, |dε/dk| is the ab-
solute value of its gradient, and |∆k| is the measured
peak half-width along the in-plane momentum (k||) axis.

In Fig. 2a the fitted position of an interacting spin mi-
nority band of Ni(111) is shown. The same band that
was also displayed along −bs in Fig. 1c, but measured
at a different kz position in the bulk BZ. Several clear
deviations between the fitted band position and the one-
particle band structure can be seen within 225meV of
EF, and sudden energy broadenings along the measured
band position are also apparent. Both features are typi-
cal hallmarks of electron-boson coupling (EBC) [23–27].
The experimental self-energy of the band was therefore
estimated by a self-consistent analysis procedure based

on Eqs. 2 and 3 (see Appendix VB for details). Its
ReΣ is shown in Fig. 2b, and is demonstrated to satisfy
causality with ImΣ via a Kramers-Kronig (K-K) trans-
formation [37, 38]. From the spectrum a steep rise up to
≈ 35meV can be observed, followed by a broad feature
over a larger energy range. The former can be related
to the apparent ‘kink’ in the measured band position in
Fig. 2a, and is a characteristic signature of EPC [36–40].
Its energy is furthermore in approximate agreement with
the Debye temperature of bulk Ni (ΘD ≈ 477K) [41].
Deconvolving ReΣ by an integral inversion method

produces the energy-dependent Eliashberg function
α2F (ω), distinguishing the EBC modes that renormalize
the locally measured electron band by their interaction
energy [42–47]. The resultant α2F (ω) – as detailed in
the Supplementary Note [32], immediately suggests two
distinct couplings with energies matching the surface and
bulk-derived vibrations of Ni [48–51]. In addition, it con-
tains several prominent couplings above the Ni Debye
energy kBΘD and up to EB ≈ 140meV [32].
Given the ferromagnetic nature of the system, interac-

tions between electrons and magnons can occur [24–27].
At a glance, signatures of EMC from ARPES should
crudely resemble those of EPC. However, the two will
typically have separate coupling energies, and their func-
tional shape should also differ because of their intrinsi-
cally different energy dispersion relations [29, 32]. Alter-
natively, phonon or magnon mode-specific renormaliza-
tions can – under certain simplifying assumptions, be pre-
dicted from first principles calculations [52–55]. However,
discovering all the possible couplings requires an overview
of the occupied bosonic modes; a detailed knowledge of
the EBC matrix elements; and all the possible propaga-
tion channels between initial and final states that pre-
serve energy and momentum. This is a complicated task
already in lighter elements [47, 53, 55], and an accu-
rate determination is beyond the scope of this work. We
therefore attempt only a preliminary assignment of cou-
pling modes to our data, basing our suggestions on the
distinct energies of the phonons and magnons in Ni.
Resultingly, the interactions at EB < kBΘD are as-

signed to EPC with surface- and bulk-derived phonons
[48, 50, 51]. Next, inelastic scattering measurements
of bulk Ni have verified three different and character-
istic magnon energy dispersions, namely: one acoustic
branch along the [111] propagation direction with ener-

gies ℏω[111]
ac ≤ 175meV; another acoustic branch along

[100] with ℏω[100]
ac ≤ 165meV; and one optical [100]

branch approximately between 130 ≤ ℏω[100]
op ≤ 250meV

[56–59]. The higher-energy signatures of α2F (ω) are
thus interpreted as EMC primarily with the acoustic
magnons. However, some features may stem from the
optical branch near its lower-energy extremum.
To disentangle the interaction strengths of the EPC

and EMC, a minimalistic three-boson approximation
consisting of two distinct phonon modes and one magnon
mode was fitted to the data from Fig. 2b. This model
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FIG. 3. EBC in the spin-minority band along +bs near the
high-symmetry points M̄

′
and K̄. (a): The measured energy

dispersion of the spin bands overlaid with the unrenormal-
ized band (green) and the experimentally determined, renor-
malized spin minority band position (red triangles). (b):
The real self-energy Re Σ (gray) of the fitted band in (a),
shown to be consistent with the imaginary part Im Σ through
the K-K transformation (blue). A two-boson model (pur-
ple line) consisting of one EPC at ℏωph = 23 meV; and
one EMC at ℏωmag = 340 meV, best describes the measured
line shape. The individual EPC (dashed orange) and EMC
(dashed black) models have been highlighted.

reproduced the main features of ReΣ, with energies

ℏω(1)
ph = 18 ± 5meV, ℏω(2)

ph = 36 ± 5meV, and ℏωmag =
154±6meV. The associated dimensionless EPC strength
λph = 0.20±0.05 is in excellent agreement with previous
estimates from calculations and surface-sensitive inelas-
tic scattering measurements [60, 61]. Furthermore, the
EMC strength λmag = 0.17±0.01 approximately matches
the value previously reported from ARPES [27]. The to-
tal EBC strength λtot = λph + λmag from the model is
consistent within the value found from integral inversion
analysis within the uncertainty (see Appendix VB).

Interestingly, the innermost spin minority contour near

the K̄ and M̄
′
points revealed additional EBC modes with

different characteristic energies and strengths [32]. This
spin minority band, as measured and fitted along direc-
tion +bs, is shown in Fig. 3 together with the real part
of its K-K consistent self-energy. Coupling can be read-
ily distinguished up to EB ≈ 350meV, i.e., well beyond
the maximum phonon and magnon energy values mea-
sured by inelastic scattering [48, 57]. However, calcula-
tions have indicated that the already mentioned optical
magnon branch should exist in this energy range and out
to the BZ boundary in k [62]. EMC at similar energies
in a different Ni spin minority band has also been re-
ported [27]. We thus assign the higher-energy signatures
to coupling primarily with optical magnons.

Similarly, the interactions as seen from Fig. 3b were
quantified using a best-fit model consisting of two domi-
nant boson modes: one EPC at ℏωph = 23±12meV with

λph = 0.05±0.03; and one EMC at ℏωmag = 340±13meV
with λmag = 0.06 ± 0.01. The former is situated amidst
the phonon energy range and suggests a weak coupling to
either of the known vibrational modes [48, 50, 51]. The
latter indicates weak coupling to the optical magnons as
already discussed [62]. Extracting α2F (ω) by the integral
inversion method yields interactions at similar energies
and with a matching total EBC strength λtot [32]. The
reason behind the different participating magnon modes
and the smaller λtot when compared to the EBC mea-
sured along −bs (Fig. 2) is not immediately clear. Pos-
sibly, it may originate from having a different pairing of
suitable initial and final electron states available at this
position in the bulk BZ [63]. This is certainly supported
by additional measurements of the same spin minority
surface resonance at a different kz, confirming the strong
momentum-dependence of the EMC [32].
The estimated EBC energies and strengths λ from the

two different E vs. k|| cuts along ±bs have been summa-
rized in Table I. The coupling parameters for the same
cuts measured at different kz positions, i.e., using dif-
ferent photoexcitation energies hν, have also been pre-
sented. Their corresponding plots are shown and dis-
cussed in the Supplementary Note [32].

Finally, attention is directed towards electron-boson
interactions in the spin majority states. Close to midway

between M̄ and K̄
′
a near parabolic spin majority band

is found at 185meV below EF. This band also appeared
along −bs in Fig. 2a and was found to reach a global
band maximum when measured with hν = 21.2 eV [32].
In Fig. 4a, the fitted spin majority band position is over-
laid on the measured bandstructure, together with the
one-particle band suggested by K-K analysis. To obtain a
more accurate estimate of the band maximum, the renor-
malized band was asserted from a combination of MDC
and energy distribution curve (EDC) fits [21, 39].

The resultant self-energy Σ (Fig. 4b) indicates an EBC
at EB = 235meV, i.e., approximately 50meV below the
band maximum energy EBM. This is similar to one of
the EMC energies reported from the spin minority bands
(see Table I). However, EMC at this energy does not sat-
isfy the line shape of the measured Σ. Specifically, it
fails to reproduce the abrupt ‘step’ that is observed from
ImΣ. In comparison, a much better fit can be achieved
using an EPC model that allows coupling from EBM, with
ℏωph = 50 ± 5meV and λph = 0.55 ± 0.05. The abrupt
increase in the electron density of states (DOS) at the
band maximum then causes a relatively large λph com-
pared to the EPC found near EF. Similarly strong EPC
in near-parabolic bands below EF has been reported pre-
viously from ARPES, but only in two-dimensional and
non-magnetic materials [64–66].

The data shown in Figs. 4a and 4b alone cannot give
one definite answer about the bosonic origin of the inter-
action observed from the spin majority band. However,
EPC appears to be more likely, based on the line shape of
the Σ contributions. To further explore the origin of the
observed EBC, the spectral function A(k, ω) from Fig. 4a
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TABLE I. Measured EBC in the spin minority and majority band(s) as a function of photoexcitation energy hν. Entries marked
with a ‘∗’ are shown and discussed in the Supplementary Note [32]. The mass-enhancement factors λtot and the constituents
λph and λmag were estimated separately using different methods (see Section V B). The uncertainties in λtot were obtained by
propagating the uncertainty of α2F (ω) as extracted from the data [42]. All other uncertainties were estimated from a relative
5% increase in the root mean square (RMS) difference between the corresponding best-fit EBC model and the data.

Figure Fitted band dispersion hν [eV] λtot ℏωph [meV] λph ℏωmag [meV] λmag Temp. [K]
Fig. 2 Min. spin Γ̄ → −bs 55.0 0.24 ± 0.06 18, 36 ± 5 0.20 ± 0.05 154 ± 6 0.17 ± 0.01 21
Fig. S6∗ Min. spin Γ̄ → −bs 29.0 0.14 ± 0.06 32 ± 2 0.13 ± 0.02 − − 77
Fig. 3 Min. spin Γ̄ → +bs 29.0 0.08 ± 0.05 23 ± 12 0.05 ± 0.03 340 ± 13 0.06 ± 0.01 77
Fig. S7∗ Min. spin Γ̄ → +bs 21.2 0.20 ± 0.07 18, 30 ± 8 0.12 ± 0.04 250 ± 6 0.11 ± 0.01 115
Fig. 4 Maj. spin Γ̄ → −bs 21.2 0.60 ± 0.32 50 ± 5 0.55 ± 0.05 − − 115
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FIG. 4. EBC in the spin majority energy band along −bs near the high-symmetry points M̄ and K̄
′
. (a): The measured electron

energy dispersion along −bs, overlaid with the experimentally determined, renormalized position of the spin majority band
(red triangles), and suggested one-particle ‘bare’ bands for both spin configurations (in green). (b): The real and imaginary
self-energies of the fitted spin majority band in (a). Each component is shown to be consistent through the K-K transformation.
The EBC appears at 50 meV below the spin majority energy band maximum EBM. The interaction is best described by EPC
from EBM with λph = 0.55 (purple) instead of EMC from EF (dashed gray). The added energy broadening from electron-
impurity scattering and the finite instrumental resolution (dashed horizontal black line) is also shown. (c): ARPES simulations
of the spin bands in (a), implementing either EMC at ℏωmag = 235 meV below EF (right) or EPC at ℏωph = 50 meV below EBM

(left) in the spin majority band. Both models have an additional EPC contribution in the spin minority band at ℏωph = 35 meV
below EF, as suggested from the self-energy analysis summarized in Table I.

was simulated within either of the two suggested coupling
schemes. The simulations were performed using the sug-
gested one-particle bands shown (i.e. ‘bare’ bands, in
green), broadened by the experimental resolutions, and
a Fermi-Dirac distribution at the measurement tempera-
ture T (numbers in Appendix VA). Based on additional
measurements of the adjacent spin minority band (see
Table I), an EPC near EF with ℏωph = 35meV and λph =
0.1 was also included. The two simulations are shown
side-by-side in Fig. 4c. Within the topmost 100meV be-
low EF the two suggestions are very similar, as both have
the same, dominant Σ contribution from EPC in the spin
minority band at EB = ℏωph = 35meV. At larger bind-
ing energies, however, they reveal more striking differ-
ences. The suggested EMC significantly renormalizes the
near-parabolic spin majority states, shifting these away
from the one-particle energy band maximum and towards

EF. A strong energy broadening is also present through-
out the simulated energy range. In comparison, EPC
within the spin majority band yields a more local renor-
malization. Here, the energy broadening is concentrated
around the one-particle energy band maximum at EBM,
and a more pronounced kink is observed.
The simulated EPC is thus seen to better recreate the

measured shape of the spin majority band (Fig. 4a) and
its associated self-energy Σ (Fig. 4b). The similar, but
weaker coupling observed from the spin minority bands
(Table I) certainly confirms the presence of appreciable
EPC in the system, which should also occur in the spin
majority bands. Furthermore, one could argue that intra-
band scattering from electron-phonon interactions can –
in many cases, occur with a higher probability than inter-
band electron-magnon scattering.
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III. CONCLUSIONS

In summary, we have demonstrated the existence and
kz-dependence of both phonon- and magnon-derived
quasiparticles in spin-minority, surface resonance energy
bands on Ni(111). These have been disentangled based
on their characteristic interaction energies and the func-
tional form of their self-energy contributions. Different
electron-magnon interactions have been observed and as-
signed to the distinctly different magnon modes avail-
able in the system. Previously unanticipated acous-
tic mode coupling has been demonstrated, and higher-
energy optical mode coupling has been re-affirmed and
re-interpreted, adding rigor to previous works [27, 56–
59, 62]. The specific magnon mode that electrons inter-
act with – and also their associated coupling strengths
λmag, have been shown to vary dramatically with the
spin minority band position within the bulk BZ.

Additionally, a moderately strong (λ > 0.5) renormal-
ization has been observed in bulk spin majority bands
at larger binding energies. This feature is best described
by electron-phonon coupling near the corresponding en-
ergy band maximum and is – to the best of our knowl-
edge, the first known reporting of such couplings from
spin-polarized, sub-Fermi level energy band maxima in
three-dimensional ferromagnets.
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V. METHODS

A. Sample Preparation & Bandstructure
Measurements

A clean Ni(111) surface was prepared by subjecting a
bulk crystal to repeated cycles of Ar+ ion sputtering at
1 keV, followed by annealing to 500 ◦C for a short du-
ration. The cleanliness of the surface was verified using

low-energy electron diffraction (LEED) and X-ray pho-
toelectron spectroscopy (XPS) of the relevant core levels
(see the Supplementary Note [32]).
Energy bandstructure measurements were performed

at 115K using a NanoESCA III aberration-corrected
EF-PEEM equipped with a He I photoexcitation source
(hν = 21.2 eV), using pass energy EP = 25 eV and a
0.5mm entrance slit to the energy filter [67]. At the men-
tioned settings, the instrument had E and k resolutions

of approximately 50meV and 0.02 Å
−1

, respectively.
Higher energy resolution bandstructure measurements

were performed at the synchrotron endstations APE-LE
(Elettra, Trieste, Italy) and Bloch (MAX IV Labora-
tory, Lund, Sweden). At Elettra the Ni(111) crystal was
cooled to T = 77K and measured with an energy reso-
lution ∆E = 12meV. At Bloch the crystal temperature
was T = 21K and the energy resolution ∆E ≤ 8meV.
All measurements at both facilities were performed using
VG SCIENTA DA30 analyzers.

B. Self-Energy Σ Analysis

Momentum distribution curves (MDCs) of the spin
majority and minority bands were fitted over the relevant
energy ranges using one or more Lorentzian line shapes,
superimposed on a linear or polynomial background. The

peak position and width (in Å
−1

) of the bands at each
measured energy were extracted, and in turn used to es-
timate ReΣ and ImΣ, respectively. An initial guess at
the one-particle band was approximated by a 5th degree
polynomial over the same energy range as the fitted ex-
perimental data. Its shape was then adjusted to achieve
causality between the self-energy Σ components via the
Kramers-Kronig (K-K) transform [29, 37, 38, 65].
To disentangle any bosonic contributions to the mea-

sured self-energies, the Eliashberg coupling function
α2F (ω) was extracted from each Σ(ω, T ) by an integral
inversion method [42–47]. The constant energy offset δE
of each ImΣ was assigned to broadening from a combina-
tion of electron-impurity scattering and the finite instru-
mental resolution [68]. Data points from the correspond-
ing ReΣ at energies EB < δE were discarded to correct
for distortions of the renormalized band position near EF

[47]. Any signs of electron-electron scattering were indis-
cernible within the energy ranges measured and therefore
excluded [69, 70]. From each extracted α2F (ω), the to-
tal electron mass-enhancement λtot due to EBC in the
quasielastic approximation was estimated as [71]:

λtot = 2

∫ ωmax

0

α2F (ω′)

ω′ dω′, (4)

where ωmax is the frequency of the observable bosonic
mode with the highest energy.
To further quantify the individual EBC contributions

to the measured Σ, linear contributions of EPCs and
EMCs were simulated and compared to the line shapes
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found from the experimental data. Each measured Σ
was fitted individually to minimize the root mean square
(RMS) difference to the simulation of postulated cou-
plings at the experimental temperature T . The phonon
occupancy was approximated by a three-dimensional De-
bye model with phonon DOS ρph(ω) ∝ ω2 and De-
bye frequency ωph

max [72]. A similar model was used for
the magnons, with a maximum frequency ωmag

max and a
magnon DOS ρmag(ω) ∝ ω1/2, based on the energy dis-
persion ω ∝ q2 expected for acoustic magnons [24, 27].
Each linear contribution (i) to ImΣ from EBC was

calculated as [36, 68]:

ImΣ(i)(ω, T ) = πℏ
∫ ωmax

0

α2F (i)(ω′) · [1 + 2n(ω′, T )

+ f(ω + ω′, T )− f(ω − ω′, T )]dω′, (5)

where α2F (i)(ω) is the Eliashberg coupling function for
the interaction i, and n(ω, T ) and f(ω, T ) are boson and
fermion distributions, respectively. For phonons in the

isotropic Debye model, α2F (i)(ω) = λph

(
ω/ωph

max

)2
when

ω < ωph
max is assumed, with λph being the dimension-

less strength of the EPC [39]. For isotropic magnons,

α2F (i)(ω) = (λmag/4)(ω/ω
mag
max)

1/2
for energies ω < ωmag

max,
with λmag being the dimensionless EMC strength [24].

In each case, α2F (i)(ω) = 0 above ωmax. The ReΣ(i)

corresponding to each ImΣ(i) was found using the K-K
transform [37, 38].

C. First Principles Calculations

First-principles calculations were performed using the
density functional theory (DFT) software package Quan-
tumESPRESSO. A plane wave basis with ultra-soft pseu-
dopotentials and the local density approximation (LDA)
for the exchange-correlation energy were used. Bulk cal-
culations were performed self-consistently in a system
with periodic boundary conditions, and k points were
sampled using a Monkhorst-Pack grid of 12×12×12. The
cut-off energy was 50Ry and the convergence threshold
1 × 10−8 Ry. The surface states were calculated using a
slab geometry with 24 atomic layers and a separation of
15 Å between slabs. Sampling of k points was done using
a Monkhorst-Pack grid of 10×10×1. The cut-off energy
was 40Ry and the convergence threshold 1× 10−6 Ry.

To simulate the ARPES spectra visible when using
photoexcitation energy of hν = 21.2 eV, the crystal mo-
mentum of the emitted electrons was selected according
to the free-electron final state approximation of photoe-
mission [20, 73]. In the extended BZ, a hemispherical cut
with a radius |kF| corresponding to the free-electron final
state wave vector at EF was calculated around Γ. Only
the states at the Fermi surface coinciding with the hemi-
spherical shell were projected onto the (111) plane. See
for instance Refs. 35 and 74 for additional details on the
methodology. In determining the sphere radius, a work
function ϕs = 4.9 eV (found by measurement, see the
Supplementary Note [32]) and the value V0 = 10.7 eV [74]
for the inner potential was assumed. The corresponding
projected bulk states yielded the spin-polarized constant
energy surface displayed in Fig. 1b, matching the posi-
tions of the measured bands within an 8% difference. We
assign this error to uncertainties in the ϕs and V0 values
used to determine the radius |kF| of the hemisphere.
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[28] E. M lyńczak, M. C. T. D. Müller, P. Gospodarič, T. Hei-
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