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Electron-boson coupling in unconventional superconductors is one of the key parameters in under-
standing the superconducting pairing symmetry. Here, we report definitive photoemission evidence of
electron-spin fluctuation coupling in the iron-based superconductor CaKFe,As,, obtained via high-
resolution ARPES. Our study identifies a distinct kink structure on the a band, observable only in the
superconducting phase and closely linked with the superconductivity, indicative of strong electron-boson
interactions. Notably, this kink structure corresponds to two distinct bosonic modes at 11 meV and 13 meV,
aligning with spin resonance modes previously observed in inelastic neutron-scattering experiments. This
alignment underscores the significant role of antiferromagnetic fluctuations in the pairing mechanism of
this superconductor. Furthermore, the unique momentum-dependent and orbital-selective properties of the
coupling revealed by ARPES provide profound insights into the pairing symmetry, suggesting
predominantly s, -wave pairing facilitated by spin fluctuations. Our findings not only highlight the
pivotal role of spin resonance in the superconductivity of CaKFe,As, but also enhance our understanding

of the electron-spin fluctuation interactions in unconventional superconductors.
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I. INTRODUCTION

Understanding the pairing mechanism in Fe-based super-
conductors continues to be a pivotal focus in condensed
matter physics. Deviating from the phonon-mediated con-
ventional Bardeen-Cooper-Schriefter (BCS)-type supercon-
ductors, strong electronic couplings—such as nematicity and
magnetism, in particular—interplay with superconductivity
in unconventional superconductors [ 1-7]. Antiferromagnetic
fluctuations are commonly identified as the “pairing glue” in

“Contact author: jjiangcindy @ustc.edu.cn
“Contact author: dlfeng@ustc.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

2160-3308/25/15(2)/021001(8)

021001-1

Subject Areas: Condensed Matter Physics,
Strongly Correlated Materials,
Superconductivity

these materials, manifested by the spin resonance modes, or
the spin-1 excitons, generated by particle-hole spin excita-
tions in the superconducting state. Indeed, numerous inelas-
tic neutron-scattering (INS) experiments have observed the
spin resonance modes with energies scaling with the tran-
sition temperature (7'.), providing substantial evidence for
magnetically mediated copper pairing in these unconven-
tional superconductors [8-20]. In parallel, angle-resolved
photoemission spectroscopy (ARPES) studies have revealed
kink structures in the band dispersion, which is related to
certain electron-boson couplings. Except for the electron-
phonon coupling, these couplings usually include electron-
antiferromagnetic magnon coupling and electron-spin fluc-
tuation coupling. These bosonic modes can be determined
through ARPES spectra self-energy analysis to extract the
energy positions and widths of these modes, offering a direct
comparison with INS results [21-31]. Moreover, ARPES
allows for the exploration of the momentum-dependent and
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orbital-selective properties of these couplings, offering
unique insights into the underlying pairing mechanisms.
However, despite these advances, robust ARPES evidence
for electron-spin fluctuation couplings in Fe-based super-
conductors remains elusive [24,32].

The recently discovered stoichiometric bilayer Fe-based
superconductor CaKFe4As, offers an exemplary platform
for probing electron-spin fluctuation coupling, owing to its
high superconducting transition temperature (7, ~ 35 K)
[33,34] and clear spin resonance modes in INS experiments
[11,13,35]. Previous ARPES studies have confirmed
CaKFe As, as a prime candidate for a topological
superconductor [36], featuring orbital-dependent super-
conducting gaps [37]. Additionally, a recent scan tunneling
spectroscopy (STS) experiment suggested potential elec-
tron-boson coupling therein, with the energy of the bosonic
mode aligning closely with the average resonance modes
detected in INS [38]. Nevertheless, definitive evidence for
electron-spin fluctuation coupling in CaKFe4As,, particu-
larly concerning its orbital characteristics and momentum
dependence, remains unexplored, which could deepen our
understanding of the pairing mechanisms of Fe-based
superconductors.

In this paper, we have detailed a comprehensive ARPES
investigation of CaKFe As,, which has revealed excep-
tional data quality and distinct kink features. The kink only
appears below T, and is located on the a band, which is
characterized by d,./d,. orbitals and exhibits the largest

(a) W (b)

R (€4

superconducting gap simultaneously. Unlike other bands
that show quasi-two-dimensional characteristics, the «
band exhibits bilayer splitting near k, ~ z. Interestingly,
both the kink position and superconducting gap of the a
band have a weak dispersion along the k, direction,
corresponding to bosonic mode energies of 11 meV at
k,~0 and 13 meV at k, ~xz. These bosonic modes
coincide with the two odd spin resonance modes
(10.5 meV and 13 meV) observed in INS. Furthermore,
the in-plane distribution of the superconducting gaps
supports a sign-change s-wave (s4) pairing symmetry in
this material. Our findings provide direct photoemission
evidence of the electron-spin resonance coupling in iron-
based superconductors.

II. RESULTS

CaKFe,As, exhibits a bilayer FeAs structure with a total
self-doping level of 0.25 hole/Fe, as documented in prior
studies [34,39]. Figure 1(a) shows the Fermi surface maps
focused on the Brillouin zone center (Z) and the Brillouin
zone corner (A) at the k, ~ z plane using 30-eV and 60-eV
photons, respectively. The maps reveal at least four hole
pockets (labeled a/al, f, and y) around the Z point and two
orthogonal electron pockets (labeled 6 and ¢€) around the A
point. Notably, bilayer splitting, marked by overlapping
dark- and light-blue dashed lines on the innermost o
pocket, is more pronounced in the ZAR plane. In order
to realize its three-dimensional band structure, the band
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Basic electronic structure of CaKFeyAs,. (a) Fermi surface maps in ZAR plane (k, = x) obtained at 11 K using 30-eV and

60-eV photons, superposed with high-symmetry directions. The dark- and light-blue dashed lines are an indication of the two splitting
bands of a; the green dashed line refers to f#; and the red dashed line refers to y. Two electron pockets ¢ and § are located around the A
point as indicated by the overlapped yellow dashed ellipses. (b) ARPES spectra of the hole bands along RZR (k, = #, using 30-eV
photons) and XI'X (k, = 0, using 42-eV photons) in the upper and lower parts, respectively. The middle part shows the extracted MDCs
in the blue and red dashed lines. (c) ARPES spectra and corresponding MDC of the hole bands along AZA and MI'M. (d) ARPES
spectra and corresponding MDC of the electron bands along ZAZ and I'MI". (e) Extracted peak positions of the hole bands at various
photon energies. There is no observable dispersion in the k, direction, except for the splitting behavior of the a band.
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dispersions of these bands at k, = 7 (ZAR) and k, =0
('MX) are presented in Figs. 1(b)-1(d). The a band is
degenerate at the 'MX plane; however, at the ZAR plane, a
clear splitting can be observed along the ZA direction, as
evident from the momentum distribution curves (MDCs)
(more details can be found in Fig. S1 in the Supplemental
Material [40]). Most of the bands exhibit a quasi-two-
dimensional nature with band dispersions along the high-
symmetry cut showing minimal variation in the k, direc-
tion. This nature is evident from the fully overlapped peak
positions of the a, f3, 7, €, and  bands from the MDCs near
the Fermi level [Figs. 1(b)-1(d)]. One might notice that
there are some residual intensities at the Z and I" points;
they have been proven to be the topological surface
states [36] and are not the focus here (details can be found
in Fig. S2 in Ref. [40]). The k_-dependent behaviors of the
a, f, and y bands are summarized in Fig. 1(e); except for the
a band, which splits into @ and a1 near the Z point, all other
bands exhibit quasi-two-dimensional behaviors.

The k, dependence of superconducting gaps across
various bands, as illustrated in Figs. 2(a) and 2(b),
demonstrates notable variations in gap magnitude as
evidenced through symmetrized energy distribution curves
(EDCs). These variations are quantitatively represented in
Fig. 2(c), where the gap values for each band are plotted
against photon energy. Remarkably, the superconducting
gap of the a band shows a significant reduction from
11 meV(a)/10 meV(a;) to 8 meV(a) as k. decreases
from 7 to 0. In contrast, the gaps for the ¢ and 6 bands
exhibit comparable but opposite changes: For the & band,
the gap decreases from 11 meV to 8 meV, whereas for the §
band, it increases from 8 meV to 11 meV as k, varies from z
to 0. Meanwhile, the superconducting gap of the  band
remains unchanged at 7 meV, and there is only a small gap
variation for the y band (5 meV to 6 meV) from Z to I". We
note that the hole bands exhibit no discernible in-plane gap
anisotropy (presented in Fig. S3 in Ref. [40]), which is
consistent with the previous ARPES study [37]. Figure 2(d)
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FIG. 2. The k, dependence and temperature evolution of superconducting gaps. (a) Symmetrized EDCs of the a, 4, and y bands at
various photon energies (from 30 eV to 44 eV), with intensity shifts for clarity. The splitting band «; exists near the Z point (30 eV) and
degenerates with « as it approaches I' (44 eV). (b) Symmetrized EDCs of the electron bands, € and §, from the A point (30 eV) to the M
point (44 V). (c) Extracted superconducting gaps as a function of photon energy. (d) Symmetrized ARPES spectra along ZR below and
above T ... (e) Symmetrized EDCs of the a, 3, and y bands at various temperatures. The superconducting gaps close above T'. and recover
upon cooling. (f) Superconducting gap values of the @, 3, and y bands as a function of temperature. The gaps are well fitted, with the
solid lines predicted by BCS theory.
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shows the symmetrized ARPES spectra along the ZR
direction measured at 11.5 K and 40 K, respectively.
More data at different temperatures can be found in
Fig. S4 in Ref. [40]. The superconducting gaps disappear
at the critical temperature (7, ~ 35 K), demonstrating a
BCS-like temperature dependence, as shown in Fig. 2(f).

One prominent feature identified in Figs. 1 and 2 is the
kink structure in the superconducting phase, which is
located precisely on the a band (Fig. S5) and consistently
exists in the 3D BZ. Figures 3(a)-3(d) display a magnified
view of the kink along two sets of representative in-plane
high-symmetry directions (ZA and ZR, as well as 'M and
I'X), accompanied by the extracted red peak-position
curves. The white arrows highlight the positions of kinks.
The observed kink energies show substantial variation
between the k, = z plane (with 24 meV along ZA and
23 meV along ZR below the Fermi level) and the k, =0
plane (with 19 meV along both I'M and I'X). The self-
energy analysis of the corresponding kinks [Figs. 3(e)-3(h)
and Fig. S6] also reveals sharp anomalies at those energies
in both the real part (Re) ) and the imaginary part
(|Im>_|) of the self-energies. The distinct transition in
Im> and the peak structure in Re ) suggest that the
associated bosonic mode possesses a relatively narrow
energy width. Typically, the presence of a kink in
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FIG. 3.

ARPES spectra is indicative of electron coupling with a
specific bosonic mode. For superconductors, the energy of
the kink-related bosonic mode (£2) can be derived by
subtracting the superconducting gap (A) from the kink
energy (Eyiu) [24]. Thus, the nearly 24-meV kink observed
in the ZAR plane and the 19-meV kink observed in the
I'MX plane may correspond to bosonic modes with
energies of 13 meV and 11 meV, respectively.

We further conducted experiments to explore the temper-
ature-dependent evolution of the kink structure in the «
band. Figure 4(a) shows the ARPES spectra along the ZR
direction measured at 11.5 K and 40 K, respectively. It is
evident that the kink on the a band that is visible at 11.5 K,
disappears at 40 K, which exceeds T. ~ 35 K. Figure 4(b)
shows the fitted results of the o band at different temper-
atures, demonstrating renormalization upon transition into
the superconducting phase. Self-energy analysis of the o
band at different temperatures can be found in Fig. S7 of
Ref. [40], which clearly reveals that both Re) and
|Im > | exhibit anomalies around 23 meV along the ZR
direction below T while no anomalies are found in the
normal phase. The strength of electron-boson coupling
(4e_p) can be determined by analyzing the slope change
between the bare and renormalized band dispersions, where
we select the curve at 40 K as the bare band and 4,_, is
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The k, dependence of the kinks. (a),(b) Kink structures along ZA and ZR in the ZAR plane, overlapped with the red peak-

position curves. The white lines represent the bare band dispersion of the a band, determined by the same Fermi vector (kg) and closely
overlap with the red curves at higher binding energies. (c),(d) Kink structure along I'M and I'X in the ’'MX plane. The white arrows
indicate the kink positions. (e),(f) Self-energy analysis of the kink in panels (a) and (b). The real (Re ) and imaginary parts (| Im > |)
of the self-energy show that sharp anomalies are located at 24 meV and 23 meV below the Fermi level along ZA and ZR, respectively.
(g),(h) Self-energy analysis of the kink in panels (c) and (d). The unusual upturn near the Fermi level in panel (h) is due to the artifacts
induced by the Bogliubov bending band of the nearby / band. The anomalies located 19 meV below the Fermi level are resolved by the

Re > and [Im | curves of the kinks.
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FIG. 4. Evidence of the observation of spin fluctuation. (a) ARPES spectrum along the ZR direction measured at 11.5 K and 40 K.
(b) Extracted band dispersion of the a band at various temperatures. The kink structure gradually weakens and eventually dissipates as
temperature surpasses 7. The curve of 40 K is viewed as the normal dispersion. (c) Electron-boson coupling strength 1,_,, as a function
of temperature. The red solid curve is the fitting results of BCS theory. (d) Kink energy (Ey;n), A,, and the extracted bosonic mode
energy (2 = Eyne — A,) as a function of temperature. Both Ey;, and A, follow the BCS-like temperature dependence, while €2 only has
a slight change. (e) Eliashberg functions [a? F(@)] of the @ band at k, = 7 and k, = 0 compared with the spin resonance curve in INS
results. The red and green curves are two odd modes (peaks at 10.5 meV and 13 meV in the red curve) extracted from a previous neutron
study [11]. (f) In-plane distributions of the superconducting gaps. Most of the in-plane superconducting gaps at k, = x and k, = 0 could
be described by a simple s, gap function A = Ag|cos k, cos k|, where A, if fitted with 15 meV at k, = 7 and 12 meV at k, = 0,
respectively, while the y band at k, = 0 and the 6 band at k, = 7 are not well fitted.

defined as ﬂe—b = (dg/dk)bare/(dg/dk)renormalized — 1. The
extracted A,_, values follow a BCS-like temperature
dependence as shown in Fig. 4(c). Figure 4(d) further
delineates the temperature dependence of Ey;,, and the gap
size (A,) of the a band, both of which also follow a BCS-
like trend. The bosonic mode energy, calculated as
Eyinc — A, remains nearly constant below 7', underscoring
a robust correlation between the bosonic mode and the
superconductivity.

The kink feature in CaKFe,As, manifests precisely at
the onset of superconducting condensation, suggesting that
the associated bosonic mode is not a phonon, which would
typically be observable in both the normal and super-
conducting phases [41-45]. Instead, a mode that only

shows up in the superconducting phase of unconventional
superconductors is the spin resonance mode. For
CaKFe4 Asy, the kink is located at the energy
Eox = A+ Ep [5,21-23], where Ey is the energy of
the spin resonance mode. Previous INS experiments have
resolved two odd resonance modes (10.5 meV and 13 meV)
and one even mode (18 meV) [11] in this compound.
Correspondingly, our ARPES analysis has detected bosonic
mode energies at 11 meV and 13 meV, based on the k_-
dependent kink positions. In Fig. 4(e), we compare
Eliashberg functions [@?F(w)] for these bosonic modes
with the momentum-integrated spin resonance curves from
INS, showing qualitative consistency, except for the 18-
meV even mode with much weaker intensity. Moreover, the
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resonance energy Ep adheres to an empirical ratio of
approximately Ep/2A ~0.64, common among many
unconventional superconductors [11,46—49], and the ener-
gies of our observed bosons accurately map onto this ratio.
This correlation strongly indicates that the bosonic modes
we observe in ARPES correspond directly to the spin
resonance modes identified in INS.

In terms of spin resonance, antiferromagnetic fluctua-
tions, driven by the interband interaction between the
hole and electron pockets, dominate the superconducting
pairing, resulting in a sign-revered s wave (s;.) symmetry.
This case is characterized by an in-plane superconduct-
ing gap described by the simple s, gap function
A = Ag|cosk, cos ky| [50]. In Fig. 4(f), most of the mea-
sured gaps along both ZA and I'M can be well fitted by this
function with different A, values (A = 15 meV atk, ==
and Ay = 12 meV at k, = 0), confirming the s, symmetry
and the antiferromagnetic fluctuations therein. The observed
variation in A, is similar to that in Bay¢K,4Fe,As, [51],
suggesting a significant role for interlayer coupling between
FeAs layers in shaping the k., dependence of the super-
conducting gaps and kinks. Furthermore, nearly the same
Fermi vectors (kr) for @ and ¢ bands further support the
presence of s symmetry through nesting. Interestingly, the
same gap size across theaband (d,./d,.) atk, = z (k. = 0),
the e band (d,,/ d,.)atk, = n (k, = 0), and the 6 band (d,,)
at k, = 0 (k, = m) suggests contributions from both inter-
band intraorbital (in-plane) and interband interorbital (out-
of-plane) couplings to the pairing mechanism, probably in
different pairing channels. Previously polarized neutron-
scattering experiments on CaKFe, As, have indeed revealed
the coexistence of in-plane and out-of-plane spin fluctua-
tions, with a preference for the lower odd mode in the out-of-
plane fluctuations and a preference for the larger odd mode
in the in-plane fluctuations [11,35,52]. The a band
(3d,./d,,) at k, = 0 hybridizes more with 3d,*/4p, than
the @ band at k, =7 due to the topological band
inversion [36]. Therefore, the lower mode energy at
k, = 0 might be due to the greater contribution of out-of-
plane fluctuations than in-plane ones.

III. CONCLUSION

Our findings elucidate clear electron-spin fluctuation
coupling in CaKFe,As,, strongly associated with its super-
conductivity, which highlights the essential role of spin
resonance in Fe-based superconductors. The interlayer
coupling in this bilayer FeAs compound facilitates a
three-dimensional pairing between the hole and electron
pockets. Given the ubiquitous presence of spin resonance
across various Fe-based superconductors, our findings
potentially suggest a widespread phenomenon of kink
induced by electron and spin fluctuation coupling, thereby
advancing our understanding of superconductivity in this
class of materials.

IV. METHODS

High-quality CaKFe4 As, single crystals were syn-
thesized by the solid-state reaction method described in
Ref. [34]. Synchrotron-ARPES measurements were carried
out using synchrotron light sources at BL. 03U of Shanghai
Synchrotron Radiation Facility (SSRF) in China. The
overall energy resolution was set to be better than
6 meV at 30-eV photon energy, and the angular resolution
is about 0.2 degrees for the gap and kink measurements.
The crystals were cleaved in situ and measured with a base
pressure better than 6 x 107! Torr. All the data presented
in this paper were taken within a few hours after cleavage,
ensuring the results were not affected by the aging effect.
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