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The attractive interaction in conventional BCS superconductors is provided by
a bosonic mode. However, the pairing glue of most unconventional super-
conductors is unknown. The effect of electron-boson coupling is therefore
extensively studied in these materials. A key signature is dispersion kinks that
can be observed in the spectral function as abrupt changes in velocity and
lifetime of quasiparticles. Here, we show the existence of two kinks in the
unconventional iron-based superconductor RbFe,As, using angle-resolved
photoemission spectroscopy (ARPES) and dynamical mean field theory
(DMFT). In addition, we observe the formation of a Hubbard band multiplet
due to the combination of Coulomb interaction and Hund'’s rule coupling in
this multiorbital system. We demonstrate that the two dispersion kinks are a
consequence of these strong many-body interactions. This interpretation is in
line with a growing number of theoretical predictions for kinks in various
general models of correlated materials. Our results provide a unifying link
between iron-based superconductors and different classes of correlated,
unconventional superconductors such as cuprates and heavy-fermion
materials.

M Check for updates

been observed experimentally’™. However, their origin often
remains controversial. In the context of correlated metals, it was

Unconventional and high-temperature superconductivity almost
exclusively appears in materials with strong electronic correlations. In

order to determine if and to what extent correlations are a pre-
requisite, it is crucial to determine their effect on the electronic
structure in the normal state out of which superconductivity emerges.

Abrupt changes in the electron dispersion, called “kinks", are
believed to hold important clues. Kinks can appear when elec-
tronic excitations couple to collective modes such as phonons,
which suggests that they also act as the superconducting pairing
mechanism. Therefore, the study of dispersion kinks attracted a
tremendous amount of research in the past, and many kinks have

predicted that strong interactions between electrons themselves
can induce two kinks™. It is a feature in models of various strongly
correlated systems™ ', but observing both kinks experimentally
has been challenging.

The spectral function of strongly correlated materials splits into
two components: a coherent quasiparticle peak close to the Fermi
energy Er and an incoherent part forming Hubbard bands at high
energies. A kink separates the coherent from the incoherent part. Such
kinks have been observed in the cuprates®* and ruthenates’ in the
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energy range between 300 meV and 600 meV. They are a direct fin-
gerprint of strong electronic correlations® .

The models in ref. 11-18 also predict a second kink that appears at
low energies inside the quasiparticle band. The existence of this kink is
less clear in other studies of the single-band Hubbard model*?**. The
low-energy kink strongly renormalizes exactly those electronic exci-
tations that condense into Cooper pairs in the superconducting state.
Fermi liquid behavior only emerges below the kink energy* ™. The
kink has been suggested to be accompanied by the appearance of a
collective spin excitation of similar energy'?, which may be responsible
for the superconducting pairing. A plethora of low energy kinks at a
few tens of meV has experimentally been observed in unconventional
superconductors such as cuprates?, ruthenates®, and iron-based
superconductors’’. However, their origin is often debated because
they have an energy within the phonon as well as spin excitation
spectrum. Only a few kinks could clearly be associated with electronic
correlations*’°.

Here, we study the unconventional iron-based superconductor
RbFe,As;, with a combination of angle-resolved photoemission spec-
troscopy (ARPES) and fully charge self-consistent Density Functional
Theory + dynamical mean-field theory (DFT+DMFT) calculations. We
show that the strong electronic correlations in RbFe,As, separate the
spectral function into a quasiparticle peak and a multiplet of Hubbard
bands, which is the prerequisite for correlation-induced kinks. Indeed,
we identify a low and a high-energy kink in ARPES and DMFT and argue
that both originate from strong electronic correlations. RbFe,As, can,
therefore, serve as a prototype material for the physics of correlation-
induced kinks, and it provides a unifying link between the various
classes of strongly correlated, unconventional superconductors such
as cuprates, heavy fermions, nickelates, ruthenates, and iron-based
superconductors.

Results
RbFe,As;, is a hole-doped, iron-based superconductor with a large
Sommerfeld coefficient of 127 mJ/mol/K?***, large effective masses up
to 25 times the bare electron mass®, and low coherence and Fermi liquid
temperatures below 100 K****, These thermodynamic and transport
measurements place RbFeAs, among the strongest correlated iron-
based superconductors. A combination of Coulomb interaction and
Hund's rule coupling is responsible for the correlated nature®,

The effect of correlations in the electronic structure of iron-based
superconductors is most often described by renormalization factors
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Fig. 1| Hubbard bands in RbFe;As,. a ARPES spectrum taken with 60 eV, linear
vertically (LV) polarized light and measured over a large binding energy window up
to 6 eV. The inset shows the momentum cut (green line) through the Brillouin zone
(white square). b EDC extracted from the ARPES spectrum integrated over a
momentum window of (-0.1,0.1) A (red dashed boxes), highlighting the incoherent
spectral weight at high binding energy. ¢ DMFT spectral function projected onto

that reduce the bandwidth of the itinerant quasiparticles*’. At the same
time, one expects a transfer of spectral weight from the coherent
quasiparticle peak to the incoherent part of the spectrum. Therefore,
we probe the electron-removal spectral function with ARPES across a
large energy window down to 6 eV as shown in Fig. 1a. The ARPES
spectrum was taken with a photon energy of 60 eV, which probes a
momentum close to k, = 0”. The chosen light polarization pre-
dominantly leads to photoemission of electrons with d,, and p, orbital
character along k,. While the photon energy dependence of their
relative photoemission cross sections is rather complex, energies
beyond 50eV generally emphasize d,, spectral weight*™* (see
“methods” section for further experimental details). The ARPES spec-
trum shows momentum-dependent incoherent spectral weight below
-0.5eV. To highlight its energy dependence, we plot an energy dis-
tribution curve (EDC) close to the Brillouin zone center in Fig. 1b. It
shows a 3-peak structure (dots) that is energetically clearly separated
from the sharp quasiparticle peak at low binding energies.

Dynamical mean field theory combined with density functional
theory calculations (DFT + DMFT) has proven to be a powerful method
to describe and capture the correlated nature of metals such as iron-
based superconductors®**!, We therefore compare our ARPES
results with the theoretical spectral function obtained from a DFT
+DMFT calculation, projected onto the d,, orbital character, shown in
Fig. 1c. We used established interaction parameters of U,z =4¢€V,
Javg =0.8€V, representative for the iron-based pnictides’™ (see
“method” section for further computational details). The EDC in Fig. 1d
shows the same three-peak structure (dots) of the incoherent spectral
weight. Peak positions and relative intensities match the experimental
observations. The region between -2 eV and -5 eV overlaps with the
expected As 4p bands and simple p-d hybridization may be respon-
sible. However, the peak around -1eV is absent in DFT calculations
(see Supplementary Note 1 Supplementary Material).

A simple atomic model of five degenerate orbitals provides
an intuitive understanding for the energy distribution of the
incoherent spectral weight. In RbFe,As,, nominally 5.5 electrons
occupy the 10 Fe 3d states. However, a statistical analysis of the
DFT+DMFT orbital configurations reveals that the average occu-
pation is in fact close to 6 electrons. The ground state can
therefore be approximated as a d®, S=+4/2 high spin configura-
tion due to Hund’s rule coupling*®. The three possible electron
removal states, which represent Hubbard bands, are depicted in
Fig. le. Their energies were calculated using the same interaction
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the d,, orbital in the same energy and momentum range as the ARPES data in (a).
d EDC extracted from c integrated over the same momentum window as (b). Red
dots in (b, d) mark the three peaks discussed in the main text. e Spectrum of
electron removal states in an atomic model of five degenerate orbitals. Energy
levels are broadened with a Gaussian for better visibility. The electronic config-
uration of the ground state (GS) is shown above the plot.
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Fig. 2 | Spectral function of RbFe,As,. a ARPES spectrum across the Brillouin zone
center taken at 20 K with a photon energy of 60 eV. We use linear vertically (LV)
polarized light, which highlights the d, orbital. The spectrum was divided by a
Fermi-Dirac function. Inset shows the momentum cut (green line) through the
Brillioun zone (white square). b Spectral function along k, calculated by DMFT and
projected onto the d, orbital. ¢ Selected momentum-distribution curves (MDCs)

0.2 06 02 04
Ak (AT Ak (A

extracted from a (red), which were fitted to a function that adds two Lorentzian
peaks and a linear background (black). d same as (c) for the spectral function shown
in (b) with fits by single Lorentzian peaks. e, g Dispersion and FWHM extracted from
fits to the ARPES MDCs. f, h Dispersion and FWHM extracted from MDC fits to the
DMFT spectral function. The arrows in (e, f, g, and h) mark the position of two
dispersion kinks.

parameters and assuming that the Fermi level is centered
between the two lowest lying removal and addition states (see
“methods” section for further details). Screening in a realistic
lattice configuration is expected to decrease the energies of the
transitions. The precise spectral weight distribution will be
affected by additional effects that are not included in the atomic
model, such as the specific d-orbital character, crystal field
splittings, and hybridization with the As p-orbitals and resulting
fluctuating valence state®.

The comparison with the atomic model demonstrates that the
observed three incoherent peaks in ARPES and DFT+DMFT represent
the multiplet of Hubbard bands. The first high-spin Hubbard satellite
(d@°, S=+5/2) around -1eV has previously been observed experimen-
tally and theoretically in FeSe**°. In addition, we expect a low-spin
multiplet structure (a®, S=+3/2), which is located at higher energies
due to the strong Hund’s coupling effect. Arsenic p orbitals appear at a
similar energy range (see Supplementary Note 1 Supplementary
Material). Therefore, p-d hybridization is expected to alter the intensity
distribution of the d,, spectral function in this energy range. The
extremely broad signatures in ARPES and DFT+DMFT between -2 eV
and —4 eV in combination with the predictions from the atomic model
demonstrate the existence of an additional low-spin multiplet struc-
ture (d®, S =+ 3/2) as would be expected for multiorbital systems™.

The clear separation of coherent quasiparticle peak and inco-
herent Hubbard bands places RbFe,As, into the realm of correlated
materials that are predicted to show two kinks in the dispersion as
described above.

A high-resolution ARPES spectrum across the energy scale of the
expected kinks is presented in Fig. 2a. It clearly shows two dispersion
kinks, which we verify by fitting of momentum distribution curves

(MDCs) as exemplified in Fig. 2c. The extracted dispersion in Fig. 2e
demonstrates the strong renormalization at the two kink energies of
23 meV and 330 eV. The FWHM in Fig. 2g shows a step at each kink
energy indicating a substantial increase in lifetime. Long-lived quasi-
particles with a sharp spectral peak only develop at binding energies
below the 23 meV kink. The flat dispersion in this energy range is
consistent with the large effective mass from quantum oscillation
measurements™,

Typically, a self-energy is extracted from such an MDC analysis to
compare with theoretical predictions. It requires the assumption of a
bare-band dispersion, which would need to extend over more than
0.5 eV in our analysis and certainly involves a-priori unknown non-linear
contributions. To circumvent this ambiguity, we instead perform the
same MDC analysis on the spectral function obtained from our DFT
+DMFT calculations as we did for the ARPES data. The corresponding
spectrum with a selection of MDCs, as well as the extracted dispersion
and FWHM are shown in Fig. 2b, d, f, and h respectively. The calculations
reveal two kinks at almost the same energy scale and with very similar
spectral appearance. The kinks represent the effect of the DMFT self-
energy on the spectral function Supplementary Material. Hence, they
do not originate from simple hybridization effects of different Fe 3d
bands. A complimentary self-energy analysis of the ARPES data can be
found in the Supplementary Note 3 Supplementary Material.

The high energy kink at 330 meV is well beyond the highest
energy in the phonon spectrum® and it is therefore not due to
electron-phonon coupling. The kink initiates a high-energy section of
steep dispersion with reduced intensity, which connects the coher-
ent quasiparticle component of the spectral function with the first
incoherent Hubbard band that is centered around 1eV binding
energy. The experimental signatures are well reproduced by DMFT.
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The kink can therefore be associated with the high-energy kink pre-
dicted by general theoretical models of strongly correlated systems".
The steep high-energy dispersion is reminiscent of the “waterfall”
structure seen in cuprate superconductors'®?, where it develops
from the spectral signature of the Mott insulating state’”. Unusual
high-energy renormalizations have also been observed in other iron-
based superconductors®**°, Among them are both parent and
electron-doped compounds, which are much further away from a
Mott transition and therefore less correlated than the hole-doped
RbFe,As,. The same mechanism is likely responsible for these sig-
natures and strong electronic correlations due to the interplay of
Hubbard and Hund interactions, therefore, seem to play a crucial
role for the vast majority of iron-based superconductors.

The kink energy of 23 meV lies within the phonon spectrum of
RbFe,As,>, which immediately suggests electron-phonon coupling as
the origin. Such a kink is typically described with a Migdal-Eliashberg
weak coupling mechanism. We can extract the corresponding cou-
pling constant 1= vpighe/Viowe —1 =3 from the change in dispersion.
However, 1=3 is much larger than the weak coupling limit. It is also
considerably larger than 0.5 for kinks observed in various other
FeSC*™°. Electron-phonon coupling from a standard weak-coupling
mechanism is therefore unlikely to be responsible for the low-energy
kink in RbFe,As,. A strong quasiparticle renormalization with an
energy scale of approximately 20 meV was also observed in FeTe,
which is one of the strongest correlated iron-chalcogenides. This has
been interpreted as polaron formation due to the spectral lineshape

and the proximity of the kink to the phonon energy scale’’. Another
study suggested that spin-screening akin to Kondo coupling is
responsible in line with an electronic origin®.

The comparison to DFT+DMFT calculations sheds further light on
the origin of the low-energy kink in RbFe,As,. Since the calculations do
not include coupling to phonon excitations, all signatures are purely
electronic in origin. The calculations show a similar kink at low ener-
gies. Apart from a difference in kink energy of approximately 35 meV,
all other experimental signatures shown in Fig. 2 are very well repro-
duced by DMFT. In addition, the extracted Fermi velocities match
almost perfectly (see Fig. 2e, f and Supplementary Note 5 for details
Supplementary Material). These similarities suggest that the experi-
mentally observed low-energy kink originates predominantly from
electronic interactions.

Recent studies on FeSe demonstrated a cooperative enhancement
of electron-electron and electron-phonon interactions and only taken
together can they capture the experimental observations®**°. In par-
ticular, electronic correlations reduce the phonon mode frequencies in
FeSe®.. We speculate that such a cooperative mechanism influences the
low-energy kink in RbFe,As, and reduces the kink energy compared to
the DMFT calculations.

Theoretical studies of the Hubbard, Kondo, and Hund-Hubbard
model showed that the appearance of two kinks in correlated materials
is related to a two-stage dynamics for establishing coherent
quasiparticles™. It is therefore instructive to study the temperature
dependence of the low-energy kink, which we show in Fig. 3. Note that
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Fig. 3 | Temperature dependence of the low-energy kink. a, b ARPES spectra
taken at 22 K and 85 K, respectively. We used linearly vertically (LV) polarized light
with an energy of 60 eV. The green line in the inset of (b) sketches the momentum
cut through the Brillouin zones. The dot indicates normal emission geometry.

b, ¢ We obtain the dispersion and FWHM from an MDC analysis of ARPES spectra
between 22 K and 175 K. e The step in the width AFWHM was determined from the
difference in the average FWHM between (-70,-40) meV and (-10, 8) meV as
sketched in (d). Error bars represent the standard deviation.
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the data were taken along a different momentum cut than those in
Fig. 2a. Both the kink in the dispersion and the step in the FWHM
disappear at higher temperatures. To quantify the behavior, we cal-
culate the difference of the average FWHM below and above the kink
energy (AFWHM). Its temperature dependence shown in Fig. 3e indi-
cates a crossover temperature around 70-100 K, which coincides very
well with the spin-coherence scale of 90 K that was obtained from spin-
susceptibility measurements®. Beyond this temperature, one expects
a regime with damped quasiparticles, which agrees well with our
experimentally observed increased width and decreased peak inten-
sity. The analysis of the temperature dependence therefore supports
our conclusion that the 23 meV kink is primarily electronic in origin.
Very similar loss of renormalization and increased lifetime as a func-
tion of temperature was also observed with ARPES and DMFT in the
Hund’s metal Sr,Ru04%%

A low-energy correlation-induced kink implies the existence of
spin fluctuations with a peak in the spin susceptibility close to the kink
energy'»*1>18_ It was suggested that the formation of the kink can be
viewed as a coupling of electrons to these emergent internal bosonic
modes®. One may speculate that such modes are also responsible for
superconducting pairing. Unfortunately, neutron data are so far una-
vailable for RbFe,As,. However, recent measurements on the sister
compound KFe,As, showed clear evidence for spin excitations below
20 meV®*** that develop into a resonance inside the superconducting
state®. KFe,As, has the same doping and very similar electronic and
superconducting properties that evolve smoothly across the chemical
pressure series from KFe,As, over RbFe,As, to CsFe,As,*> >, Evi-
dence for nodes in the superconducting gap function was found
experimentally®°®7, but the superconducting pairing mechanism of
these hole doped compounds is debated. Proposals range from spin-
fluctuation mediated pairing’*7%, pairing due to strong Hund’s
electron-electron interaction”’, to pairing from orbital fluctuations’®.
Our discovery of a correlation-induced, strong low-energy kink on the
same energy scale as spin fluctuations generates new perspectives for
revealing the superconducting pairing mechanism in iron-based
superconductors.

Methods

ARPES experiments

Single crystals of RbFe,As, were grown from an FeAs flux®. ARPES
measurements were performed at the SSRL synchrotron at beamline
5-2. Samples were glued onto copper sample holders and furnished
with a ceramic top post using H20E epoxy. All gluing and curing steps
were performed inside an argon glovebox. Samples were cleaved in-situ
at a pressure of 3x10™ torr and below 30 K. We oriented the samples
along the in-plane high-symmetry crystallographic directions using
Fermi surface measurements. We used a photon energy of 60 eV and
linear vertically polarized light. The slit of the ARPES analyzer was ver-
tically oriented. A sketch of the geometry and calculations of the pho-
toemission matrix elements®** can be found in the Supplementary
Note 6 Supplementary Material. The samples are generally very soft and
tend to buckle after cleaving. In order to obtain data from a pristine flat
part of the sample surface, we used a small beam spot size of approxi-
mately 50 um. The energy and angular resolution of the measurements
is 16 and 0.1°, respectively. Data for Fig. 1 and 2 were obtained at 20 K
across the center of the first Brillouin zone. Data for Fig. 3 were obtained
in the second Brillouin zone at temperatures indicated in the figure.
Additional supporting measurements have been performed at the
MAESTRO beamline at the Advanced Light Source of the Lawrence
Berkeley National Laboratory and at the Penn State Materials Research
Institute.

DFT-+DMFT calculations
For the fully charge self-consistent DFT+DMFT calculations we employ
the implementation within the Wien2K package®*** of the full-potential

linear augmented plane wave (FLAPW) method in the generalized
gradient approximation®, using a 17 x17 x17 momentum grid dis-
cretization of the Brillouin zone. The Bloch wave functions were pro-
jected on the subspace of the correlated Fe 3d orbital®**¢, using a large
window of [ - 6, 13.6] eV, which includes the filled As p states and
higher energy unoccupied states, resulting in 30 bands on average for
each momentum state. The impurity model of the Fe 3d subspace was
solved with the continuous-time quantum Monte Carlo method in the
hybridization expansion, using the segment picture® . The calcula-
tions were done at a temperature of 7=96K, unless indicated other-
wise. We used interaction parameters of U, =4€V, Jog =0.8€V,
representative for the iron-based pnictides®, in the definition of Slater
integrals’®, and the nominal double counting correction”*with N=5.5
nominal filling. Real frequency data was obtained by performing sto-
chastic analytical continuation®® on the Matsubara self-energy, which
was then used to calculate the momentum-resolved spectral function
on real frequencies. Orbital occupations from DFT and DFT+DMFT, as
well as projections of the spectral function onto other Fe 3d orbitals
and the full spectral function summed over all states are presented in
the Supplementary Note 2 Supplementary Material.

Atomic model

For the atomic model, we calculated the spectral function using the
exact diagonalization of a degenerate five-orbital system with 6 elec-
trons. We use the same interaction parameters U,yg, Javg as for DMFT.
The ground state is a high spin configuration d, S =+ 4/2. Within this
model we can identify the following possible atomic multiplets: 3
electron removal states, which correspond to the three possible
choices of removing an electron either from the doubly occupied
orbital to result in a &, S =+5/2, or S =+3/2 configuration. Or,
removing an electron from one of the single occupied orbitals,
resulting in a S =+ 3/2 configuration. There is only one possible elec-
tron addition state, resulting in d’, S=+3/2. Their removal (addition)
state energies are at (U-3))/2eV, (U+5)/2, and (U +9)/2eV
(- (U-13))/2 eV), assuming that the Fermi level is centered between the
two lowest lying removal and addition states.

Data availability
The datasets generated during the current study are available from the
corresponding authors upon request.

Code availability
The custom codes implementing the calculations of this study are
available from the corresponding authors upon request.
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