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Elucidating the relationship between spin excitations and fermiology is essential for clarifying the pairing
mechanism in iron-based superconductors (FeSCs). Here, we report inelastic neutron scattering results on the
hole overdoped Bag.4Ko.6FeaAse near a Lifshitz transition, where the electron pocket at M point is nearly replaced
by four hole pockets. In the normal state, the spin excitations is observed at incommensurate wave vectors with a
chimney-like dispersion. By cooling down to the superconducting state, a neutron spin resonance mode emerges

with a peak energy of E;, = 14-15meV, weakly modulated along the L-direction. The incommensurability notably
increases at low energies, giving rise to downward dispersions of the resonance mode. This behavior contrasts
sharply with the upward dispersions of resonance observed in optimally doped Bag.¢7Ko.33Fe2Ase contributed
by the hole to electron scattering, but resembles those in KFesAss and KCasFeysAsyFo where the fermiology is
dominated by hole pockets. These results highlight the critical role of electronic structure modifications near the
Fermi level, especially in governing interband scattering under imperfect nesting conditions, which fundamentally

shape the spin dynamics of FeSCs.
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Understanding the superconductivity and related phe-
nomena in iron-based superconductors (FeSCs) is a great
challenge due to their complex multiband nature. ! Such
complexity arises from multiple Fermi surfaces, diverse su-
perconducting gap structures, intricate orbital contribu-
tions, and prominent spin fluctuations, particularly those
stemming from interband scattering.®! These factors be-
come especially significant when comparing iron-based su-
perconductors with different Fermi surface topologies. In
most FeSCs, the Fermi surface comprises multiple hole
pockets at the I" point and hybridized electron pockets at
the M point, facilitating superconductivity with s+ pairing
symmetry driven by spin fluctuations. These fluctuations
may originate either from weak-coupling Fermi surface
nesting contributed by itinerant electrons, or from strong-
coupling local magnetic interactions on the Fe sites. 37
In contrast, systems with only electron-like Fermi pockets
typically observed in electron-doped iron chalcogenides ex-
hibit dominant d-wave pairing symmetry, (5121 griven by
inter-pocket scattering between zone corners. 1314 The
spin excitations in such systems are distinct between
[(12,15-19] gyogest-
ing that the specific multiband Fermi surface topologies

the parent and superconducting phases,
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strongly influence the nature of superconductivity and
quasi-particle excitations.

Baj;_,K;Fe2Ass is a typical hole-doped FeSC with a
broad doping range, from the parent BaFesAss to the fully
hole doped KFeaAsy 292 [Figs. 1(a) and 1(b)]. Intriguing
phenomena in the overdoped region are argued to be re-

26-38] where

lated to a Lifshitz transition of Fermi surfaces, |
the electron pocket near the M point is replaced by four
propeller-shaped hole pockets at about = 0.7 [Figs. 1(c)—
1(h)].
fectly nesting wavevevtor @ in the optimal doping split
into two incommensurate peaks at Q12 due to the mis-
match of pocket sizes [Figs. 1(f) and 1(g)].**3*"*% Such in-

commensurate spin fluctuations show a strong hole doping
[41-43]

Eventually, the spin fluctuations around the per-

dependence, especially in the superconducting state.
Particularly in KFesAss, where only anisotropic hole
pockets are present around both I' and M points, a
strongly incommensurate spin resonance mode is observed
at Q1,2, suggesting the persistence of s+ pairing symme-
try [Fig.1(h)]. Therefore, it is crucial to elucidate these
fascinating behaviors by exploring the interplay between
spin fluctuations and electronic structures in the over-
doped regime.
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Fig. 1. Phase diagram and electronic structure of

Baj_zKgFeaAss. (a) Phase diagram of Baj_ ;K FeaAsa, [20]
with the arrow indicating the doping level of = 0.6. The
inset shows the superconducting gap size near I" point. (21-24]
(b) Zero-field-cooled magnetization measurements from multi-
ple crystals, yielding an average Tt of 26 K. (c)—(e) Schematic
representations of the band structure for Baj_ ;K FegAso at
z = 0.4 (optimally doped), x = 0.6 (overdoped, this study),
and z = 1 (KFexAsg, full overdoped). The gray dashed line
marks the Bogoliubov back-bending effect due to the super-
conducting gap. (f)—(h) Corresponding Fermi surface illustra-
tions, highlighting interband scattering vectors (Q, Q1 and
Q2). (i)—-(k) ARPES measurements of the Fermi surfaces and
band structure for z = 0.6. The inset in (k) shows the energy
distribution curve at the position marked by an arrow.

In this Letter, we report the low-energy spectrum of
spin excitations in the hole overdoped Ba; — . K, FesAss sin-
gle crystals with x = 0.6 and T. = 26 K, where the doping
level is near the Lifshitz transition (z = 0.7) [Figs. 1(a) and
1(b)]. For = 0.6 doping, the electron pocket at the M
point nearly vanishes, while the propeller-shaped hole-like
Fermi surfaces at the M point approach the Fermi energy
(Er), significantly altering the electronic density of states
[Figs. 1(c)-1(k)]. We observe a neutron spin resonance
mode at energies of 14meV (odd L) and 15meV (even
L), exhibiting quasi-two-dimensional characteristics, with
broad incommensurate peaks centered around @ = (1, 0)
in the magnetic unit cell [or @ = (0.5, 0.5) from (0, 0)
to (m, m) in the nuclear unit cell, see Figs. 1(f) and 1(i)].
A comparison of the spin excitation spectra between the
superconducting and normal states reveals that the excita-
tions evolve from a nearly non-dispersive profile in the nor-
mal state to one with downward dispersion in the super-

conducting state, forming a clear downward dispersion of
the resonance. This behavior contrasts sharply with that
observed in the optimally doped BalfszFegAsz,[“’%]
suggesting that in the overdoped regime, the spin fluctu-
ations are strongly influenced by the itinerant electrons
associated with the hole pockets near the M point, even
though these pockets do not actually cross the Fermi level.
Such modifications in Fermi surface topology drive sig-
nificant changes in the physical properties of the system,
especially in the spin fluctuations and electronic behav-
iors. Therefore, we propose a unified picture to describe
the resonance dispersions which are determined by the
sign-change of Fermi velocities between two nesting bands
closed to the Fermi level in the superconducting state be-
low T.

High-quality single crystals of  overdoped
Bag.4Ko.eFeaAss (T. = 26 + 2K) were synthesized us-
ing the self-flux method. [47:48] For neutron scattering ex-
periments, approximately 4 grams of crystals were co-
aligned on aluminum plates with hydrogen-free glue. The
experiments were performed on the thermal triple-axis
spectrometer EIGER at the Swiss Spallation Neutron
Source, Paul Scherrer Institute, Switzerland, and the
Taipan spectrometer at the Australian Centre for Neu-
tron Scattering, ANSTO, Australia. The scattering plane
[H, 0, L] was defined in reciprocal lattice units (r.l.u.)
as Q= (H, K, L)=(qza/27m, qyb/27, q-c/27), where the
pseudo-orthorhombic magnetic unit cell parameters are
a=0b=52A and ¢ = 13.22 A. The high-resolution angle-
resolved photoemission (ARPES) measurements were car-
ried out on our laboratory system equipped with a Scienta
DA30 electron energy analyzer. We use a helium I res-
onance line as the light source which provides a photon
energy of hv = 21.218eV. The energy resolution was set
to 10 meV and the angular resolution to 0.3°. As shown
in Figs. 1(i)-1(k), the ARPES results clearly demonstrate
the fermiology and band structure similar to the calcu-
lated results using density functional theory (DFT) with
the plane wave basis set approach implemented in Quan-
tum ESPRESSO package [Figs. 1(d) and 1(g)].[*>°°! The
superconducting gap on the hole pockets around I" point
follows a linear relation with 7. (A/ksT. = 2.15) along
with other dopings in Ba;_,K;FesAss. (21-24]

Figure 2 presents the results of neutron spin resonance
mode in Bag.4Ko.eFeaAss. Figures 2(a) and 2(b) show
the raw data collected below and above T, for odd and
even L values, respectively. The choice of L values is
critical for extracting mode energy and intensity, which
can be estimated from the magnetic interaction associ-
ated with the distance between the FeAs layers. (61-53] 1
Bag.4Ko.6FeaAsy, the difference in mode energy and in-
tensity between odd and even L values is minimal, as
illustrated in Fig.2(c). The mode energy is 14 meV for
odd L values and 15meV for even L values at the incom-
mensurate wave vector (1.18, 0, L), with maximum inten-
sity depletion occurring around 7meV. Given the small
discrepancy in the resonance modes between L = 2 and
L = 3, we selected L = 3 for further investigation. No-
tably, the mode energy remains identical to that of op-
timally doped Balfng;FegAsz,W*m] which peaks at a
commensurate H position, despite a 30% reduction in Tt.
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Fig. 2. Neutron spin resonance in Bag.4Ko.¢Fe2Asa. (a)
and (b) Energy scans at two incommensurate wave vec-
tors: @ = (1.18, 0, 2) and (1.18, 0, 3), measured below
and above T;. Anomalous data points originate from alu-
minum phonon contributions. (¢) Temperature difference
plot based on the data in (a) and (b), with arrows marking
the resonance energies at Q = (1.18, 0, 2) (15meV) and
Q = (1.18, 0, 3) (14meV). (d) L-modulation of the reso-
nance, where the dashed line represents the square of the
magnetic form factor of Fe?T after normalizing to the inten-
sity. (e) and (f) Constant-energy scans at £ = 14meV and
7meV along the (H, 0, 3) direction, taken below and above
Tec. Solid lines represent two-peak Gaussian fits to the data
with the incommensurability §.

The L-modulation of the resonance follows the square of
the magnetic form factor of Fe?T, as shown in Fig.2(d),
confirming its magnetic origin. The selection of incom-
mensurate positions, essential for determining the reso-
nance energy, is based on a combination of energy and Q
scans, where the resonance signal is maximized, as shown
in Fig.2(e). Figures 2(e) and 2(f) present typical energy
and momentum scans below and above T.. For the res-
onance energy FF = 14meV, the incommensurability de-
creases in the superconducting state, while for £ = 7meV
in the depletion region, it increases. This behavior can
be attributed to the opening of superconducting gaps,
which affects the distribution of pairing electrons near Er
[Figs. 1(j) and 1(k)].

To explore the effects of superconductivity on low-
energy spin excitations, we have performed temperature-
dependent measurements at the wave vector (1.18, 0, 3)
with energy transfers of 7meV and 14 meV, as illustrated
in Fig.3. The results, displayed in Figs.3(a) and 3(b),
reveal a significant suppression of intensity at 7meV in
the superconducting state. This suppression can be at-
tributed to the redistribution of spectral weight caused
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Fig. 3. Temperature dependence of spin excitations in

Bag.4Ko.6FeaAsz. (a) and (b) Spin excitations along the
(H, 0, 3) direction at E = 7meV and 14 meV, respectively.
(c) and (d) Temperature dependence of spin excitations at
fixed Q = (1.18, 0, 3) with E = 7meV and 14meV. (e)
and (f) Extracted incommensurability (&) and full width at
half maximum (FWHM) as a function of temperature for
energy transfers of 7meV and 14 meV. Solid lines in (¢)—(f)
are guides to the eyes. The definition of 6 and FWHM are
illustrated in the inset of (e).

by the opening of the superconducting gap, which shifts
the density of states to higher energies, as evidenced by
the enhanced intensity at 14 meV. The dynamic structure
factor S(Q,w) shows temperature dependence resembling
an order parameter [Figs.3(c) and 3(d)], reinforcing the
connection between the observed spin excitations and su-
perconductivity. The different temperature evolution of
the incommensurability below Tc, shown in Fig. 3(e), pos-
sibly originates from the redistribution of electronic states
in the momentum space, likely reflecting changes in inter-
band scattering processes. The peak width narrowing at
both energies in the superconducting state [Fig. 3(f)] sug-
gests enhanced localization of magnetic scattering, consis-
tent with the condensation of Cooper pairs.

To investigate the impact of electronic structure
changes near the M point on the dispersion of spin ex-
citations in Bag.4Ko ¢Fe2Asa, we have also performed Q-
scans from F = 5 to 19meV. The corresponding re-
sults, shown in Fig.4, are compared with those from
optimally doped Bag.67Ko.33Fe2Ase and fully overdoped
KFepAsy. [10:31:32:45:46] pigyres 4(a) and 4(b) present low-
energy spin fluctuations below and above T;. The incom-
mensurability () at various energies, determined by fit-
ting with a two-peak Gaussian function, is summarized in
Figs.4(d) and 4(e). The net intensity and dispersion of
resonance are shown in Figs. 4(c) and 4(f).
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Fig. 4. Low-energy spin excitations in Baj_,K;FeaAssa.
(a) and (b) Low-energy spin excitations in Bag.4Ko.gFeaAsa
along the (H, 0, 3) direction in both the normal and su-
perconducting states from 5 meV to 19 meV. Solid lines rep-
resent two-peak Gaussian fits to the data, and the shaded
area highlights the spin excitation signal. (¢) Temperature
difference plots of low-energy excitations. (d) and (e) Com-
parison of low-energy spin excitations in Baj_,K;FeaAsg
[x = 0.33, 1 and from this work, 0.6, extracted from the
fits in (a) and (b)] in the normal and superconducting states
along the in-plane H direction.16:31:32:46] (f) Comparison
of resonance dispersion in Baj_,K;FeaAss (z = 0.33, 0.6
and 1) and KCagFeqAsyFo (K12442), with open circles for
x = 0.6 representing negative net intensity.

In Bag.4Ko.¢FeaAss, the normal-state spin excitations
at the incommensurate wave vectors exhibit minimal
dispersion.
these excitations develop a downward-dispersive behav-
ior. This contrasts sharply with the optimally doped
Bag.67Ko.33FeaAsa, where the spin fluctuations are cen-
tered at the commensurate vector @ = (1, 0) and exhibit
upward dispersion both below and above T. [Figs.4(d)
and 4(e)].[19446] The modification in low-energy fluc-
tuations in Bag.4Ko.¢Fe2Asy may be driven by the Lif-
shitz transition at the M point. This interpretation is
further supported by the large incommensurability ob-
served in KFezAsy due to the strongly imperfect nest-
ing between hole pockets near the I' and M points
[Fig. 1(h)]. %3243 Notably, the resonance energy (E)
in the = 0.6 compound is the same as * = 0.33,
resulting in E:/kgT. ~ 6.7. This deviates from the
typical E./kpT. ~ 4.9 observed in other FeSCs but
close to the E;/kgTc ~ 5.8 in cuprates, [54,55]  \which
could be a consequence of the strong-coupling Cooper
pairs in hole-overdoped compounds similar to the case
in KCagFesAssFo (Atot/kT: ~ 6) [45,46,56-58]  Heare the
estimated Aot /kTe ~ 9 for Bag.aKo.eFeaAsy (Aot =
10.3 meV), by supposing the proportional relation between
gap and T. [inset of Fig. 1(a)].!*%) Moreover, both the E.
over than 2A and the downward dispersion of resonance re-
call the case in KCasFesAsyFo (K12442) [Fig. 4(f)], which
defy explanation by the conventional spin-exciton scenario

Upon entering the superconducting state,

under the s*-pairing. [76:29:60]

It is intriguing to correlate the Fermi surface topolo-
gies with low-energy spin excitations in the overdoped
Bai_.K.FeaAss. The downward dispersion of resonance
may be due to the approach of hole pockets near Er at
M point, since the gap opening will expose the hole bands
below Er but push away the electron bands above Er
[dashed lines in Figs.1(c) and 1(e)]. As the hole concen-
tration increases further to z = 1 (namely KFe;As,), the
Fermi surfaces near the M point are dominated by four
propeller-like hole pockets. [21,22] Although the supercon-
ducting gaps become nodal-like in these hole pockets, the
pairing symmetry is still of the s*-type.[?1324% In this
case, the downward dispersion of resonance could be a con-
sequence of size-mismatched hole to hole scattering, where
the Fermi velocity (Vr) does not change sign between two
nesting bands. In those optimally hole or electron doped
compounds, the resonance mode is contributed by the scat-
tering between hole and electron bands, thus its dispersion
should be upward due to the sign change of Vi [45:46,56]
Interestingly, such simple picture can be also applied to
those iron chalcogenides with only electron pockets, where
the spin excitations show an hour-glass type of disper-
sion in the superconducting state similar to the hole-type
cuprates. 1261 Therefore, we can establish a universal pic-
ture of the resonance dispersion in FeSCs, it is solely deter-
mined by the sign-change of Fermi velocities between two
nesting bands after gap opening below 7.. This means
the resonance dispersion does not have to follow the gap
distribution in the momentum space, but it is intimately
connected to the band structure near Fr. In most cases
E: could be related to A and Tc, but not always follow the
linear scaling law when the interband scattering changes
below Tp.[1%61]

To conclude, we used inelastic neutron scattering to in-
vestigate the low-energy spin excitations in the overdoped
Bag.4uKo.gFeaAss near a Lifshitz transition. We identified
a spin resonance mode with a peak energy F, similar to
that found in optimally doped Bag.67Ko.33Fe2 Asz, despite
a significantly reduced T¢.. In contrast to the commensu-
rate resonance mode and upward in-plane dispersion ob-
served at the optimal doping, the resonance in the over-
doped sample emerges at incommensurate wave vectors
and exhibits a pronounced downward dispersion. These
results challenge the prevailing view of the resonance as
a magnetic exciton confined by the superconducting gaps,
suggesting that its properties are strongly influenced by
the changes in the Fermi surface topology. By establishing
a unified picture of the resonance dispersions determined
by the sign-change of Fermi velocities, our results under-
score the pivotal role of Fermi surface evolution in driv-
ing the spin dynamics and electronic structure of FeSCs.
Further experimental and theoretical work is essential to
disentangle the complex interplay between multiband scat-
tering and unconventional superconductivity, offering new
insights into the roles of these low-energy collective exci-
tations in the superconducting pairing mechanism.
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