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The neutron spin resonance is generally regarded as a key to understanding the magnetically mediated
Cooper pairing in unconventional superconductors. Here, we report an inelastic neutron scattering study on
the low-energy spin excitations in a quasi-two-dimensional iron-based superconductor KCa2Fe4As4F2. We
have discovered a two-dimensional spin resonant mode with downward dispersions, a behavior closely
resembling the low branch of the hourglass-type spin resonance in cuprates. While the resonant intensity is
predominant by two broad incommensurate peaks near Q ¼ ð0.5; 0.5Þ with a sharp energy peak at
ER ¼ 16 meV, the overall energy dispersion of the mode exceeds the measured maximum total gap
Δtot ¼ jΔkj þ jΔkþQj. These results deeply challenge the conventional understanding of the resonance
modes as magnetic excitons regardless of underlining pairing symmetry schemes, and it also points out that
when the iron-based superconductivity becomes very quasi-two-dimensional, the electronic behaviors are
similar to those in cuprates.
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In copper-oxide [1,2], heavy-fermion [3,4], iron-pnictide
and iron-chalcogenide superconductors [5–7], a neutron
spin resonance is intensively observed in the superconduct-
ing state. This collective mode is born from the dynamic
spin susceptibility χ00ðQ;ωÞ already present in the normal
state, and its intensity changes with temperature like the
superconducting order parameter [8–10]. More impor-
tantly, the mode energy ER seems linearly related to either
Tc or the superconducting gap [11–16], hinting a universal
magnetic origin of the Cooper pairings in unconventional
superconductors analogous to the phonon mediated
conventional superconductivity [17–19].
Although many theories have been proposed to explain

the spin resonance in unconventional superconductors, the
most successful candidate until now is the so-called spin-
exciton scenario [10,11]. Namely, the spin resonance is a
spin-1 exciton from the collective particle-hole excitations
below a spin-flip continuum energy ℏωc, which should be
slightly lower than twice the superconducting gap (pair-
breaking gap) 2Δ. Thus, the dispersion of spin resonance is
determined by the momentum dependence of the spin
fluctuations and simultaneously limited by the continuum
threshold ℏωc. In the single-band d-wave superconductors
like cuprates, as the gap magnitude is strongly momentum
dependent from the antinodal to nodal region, a downward

dispersion of the resonance is observed beneath the dome
of ℏωc [10]. Together with the upward magnonlike
dispersion at energies above ER, they form hourglass-type
spin excitations [Fig. 1(a)] [8,11]. While the case in iron-
based superconductors (FeSCs) is complicated for its
multiband nature, and the spin resonance is regarded as
the hallmark of sign-reversed s�-wave pairings on
the Fermi surfaces connected by a finite wave vector Q
[20–28]. In this case, ℏωc is defined by the total super-
conducting gap summed on two Fermi surfaces linked by
Q: Δtot ¼ jΔkj þ jΔkþQj, which is usually momentum
independent. Thus, the resonance should reveal an upward
magnon-like dispersion instead [Fig. 1(b)] [26–31].
Alternately, a resonancelike hump is also proposed in
FeSCs under the conventional sþþ-pairing picture due to
the self-energy effect induced redistribution of spin
fluctuations below Tc [32–35]. When the enhancement
of dynamical spin susceptibility from self-energy exceeds
the suppression due to the coherence factor effect in the
superconducting state, the spin excitations may have a
steep upward dispersion in momentum space [Fig. 1(c)]
[36] and form a broad energy hump [Fig. 1(d)] above Δtot
[34,35]. For comparison, a broad spin resonant peak below
Δtot is predicted when d-wave pairings emerge on the hole
pockets in the zone center [Fig. 1(d)] [29]. Experimentally,
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only upward dispersions of the spin resonances are
observed in FeSCs until now [31,36–38], and ER is usually
beneath Δtot (ER=Δtot ≈ 0.64) [12,15,39], thus supporting
the spin-exciton picture under s� pairing.
Here, in this Letter, we report an inelastic neutron

scattering study on the low-energy spin excitations of

KCa2Fe4As4F2 single crystals, a newly discovered FeSC
with quasi-two-dimensional (quasi-2D) characters and
Tc ¼ 33.5 K [Figs. 1(e) and 1(f)] [40]. A spin resonant
mode is found at ER ¼ 16 meV, giving a ratio ER=kBTc ¼
5.5 close to that in cuprates (ER=kBTc ¼ 5.8) rather than
other FeSCs where ER=kBTc ¼ 4.9 [Fig. 1(g)] [11,41].
Surprisingly, the resonant intensity is 2D in reciprocal
space and predominant by two broad incommensurate
peaks near Q ¼ ð0.5; 0.5Þ, forming a downward dispersion
with overall energy above the maximum total gap Δtot.
These results demonstrate the commonality on the magnet-
ism and superconductivity in both high-Tc families when
their nature is very quasi-2D, but challenge those popular
scenarios of the spin resonance.
High quality single crystals of KCa2Fe4As4F2 were

grown by the self-flux method [42–44]. About 2.1 grams
(∼950 pieces) of crystals were coaligned by hydrogen-free
glue on aluminum plates [see Fig. 1(h), some of them are
stacked]. Neutron scattering experiments were carried out
using thermal triple-axis spectrometer Taipan at Australian
Centre for Neutron Scattering, ANSTO, Australia. The
final energy was fixed as Ef ¼ 14.8 meV in energy loss
measurement mode (E ¼ Ei − Ef), with a pyrolytic graph-
ite filter, a double focusing monochromator, and a vertical
focusing analyzer. For example, to measure the excitations
at 16 meV, Ei was set as 30.8 meV. The scattering plane
½H;H; L� was defined by Q ¼ ðH;K; LÞ ¼ ðqxa=2π;
qyb=2π; qzc=2πÞ in reciprocal lattice unit (r.l.u.) using
the tetragonal lattice: a ¼ b ¼ 3.85 Å, c ¼ 30.02 Å. The
total mosaic of our sample mount was about 4.5° both in
½H;H; 0� and ½0; 0; L� directions. Plane wave pseudo-
potential based density-functional-theory (DFT) calcula-
tions were performed using Quantum ESPRESSO numerical
code [44,64].
The 12442-type FeSC KCa2Fe4As4F2 has a layered

tetragonal crystal structure (space group I4=mmm,
No. 139), where the in-plane lattice constant a lies between
those of KFe2As2 and CaFeAsF, and the c lattice constant is
very close to the sum of that of KFe2As2 and twice of that
of CaFeAsF. Therefore, it can be viewed as an intergrowth
of CaFeAsF and KFe2As2, where the asymmetric bilayers
of Fe2As2 are separated by the insulating Ca2F2 layers
[Fig. 1(e)] [40], much like Bi2Sr2CaCu2O8þδ (Bi2212) or
YBa2Cu3O6þδ (YBCO) [65]. Such structure yields a hole-
type self-doping at a level of 0.25 holes=Fe [66], but both
the intrabilayer distance and the interbilayer distance are
too large to establish a 3D long-range antiferromagnetic
order [41,67]. Transport measurements suggest that both
normal state and superconducting state are highly aniso-
tropic [42,43,68,69], much like the quasi-2D characteristic
in cuprates. Our recent angle-resolved-photoemission-
spectroscopy (ARPES) measurements also reveal a clear
band splitting effect induced by the interlayer interorbital
interactions [70] analogous to the bilayer splitting in
Bi2212 [11,71]. While the DFT calculations suggest ten
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FIG. 1. (a)–(c) Dispersion of spin excitations and resonance
under the pairing symmetries d wave in cuprates, s� wave and
sþþ wave in FeSCs. (d) Comparison between the spin resonant
peak under s�=d-wave pairing and spin-resonancelike hump
under sþþ-wave pairing in FeSCs. Here, ℏωc (or Δtot) is the
continuum threshold energy in cuprates (or FeSCs). (e) Crystal
structure of KCa2Fe4As4F2. (f) DFT calculation results on the
Fermi surfaces shown in the Brillouin zone of 2-Fe unit cell.
There are four visible hole pockets with distinct sizes around Γ
point (α, β, γ1, γ2) and three small electron pockets (δ1;2;3) around
the M point. Each of them consists of different orbitals such as
dxy, dxz, dyz, dx2−y2 , and dz2 . (g) Summarized ER versus Tc in
iron-based superconductors, where the ratio ER ¼ 4.9kBTc scales
most of them, and ER ¼ 5.8kBTc is usually used in cuprates.
(h) Photo of the coaligned KCa2Fe4As4F2 crystals.
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degenerated bands forming four visible hole pockets with
distinct sizes around the Γ point and three small electron
pockets around the M point [Fig. 1(f)] [44], three splitting
hole pockets and a very tiny electron pocket (rδ ≈ 0.04π=a)
are also observed by ARPES measurements [70]. All these
facts suggest the Fermi surface nesting along the ðπ; πÞ
direction based on the weak coupling scenario is unlikely to
happen in this compound [20–22]. However, according to
the strong coupling approach, the s�-wave pairings with a
spin resonance can still occur between the Fermi pockets
connected by a longitudinal wave vector Q along the ðπ; πÞ
direction [Fig. 1(f)] [23–28].
The main results are shown in Figs. 2 and 3. We have

performed energy scans at Q ¼ ð0.5; 0.5; LÞ from 2 to
35 meV for L ¼ 1 ∼ 10 in the ½H;H;L� scattering plane.
After subtracting the intensity of spin excitations in the
normal state (T ¼ 40 K), we can identify a spin resonant
mode in the superconducting state at T ¼ 8 K for a clear
spectral-weight gain above 13 meV and a depletion below
this energy. The resonant peak has a maximum intensity at
ER ¼ 16 meV and a nearly resolution-limited width, and
all data are overlapped for different L’s [Fig. 2(a)]. Further,
L dependence were measured at fixed energies E ¼
17 meV and 6 meV, both of which show no L modulation
but simply follow the square of Fe2þ magnetic form factor
[Fig. 2(b)]. Thus, the resonance is completely 2D,

consistent with the transport results for the 2D super-
conductivity [42,43,68,69], and it also suggests 2D
magnetic interactions similar to LaFeAsO [72]. To map
out the dispersion of the resonance, we have carried out
systematic constant-energy scans along the ½H;H; 6�
direction from 3 meV to 22 meV. The contamination of
the phonon scattering can be removed by the intensity
difference between 8 K and 40 K, which clearly reveals two
incommensurate resonant peaks along the ½H;H� direction
in broad widths [Fig. 2(c)]. There is a weak negative
intensity difference below 12 meV, but two asymmetric
peaks emerge above 11 meV and they quickly increase
before finally merging together at 18 meV, then disappear
above 20 meV. We demonstrate the spectral-weight gain for
the resonance mode in 2D color mapping in Fig. 3(a),
where most contributions are from spin excitations around
16 meV, namely, the resonant energy ER. After applying a
two-Gaussian-peak fitting, we obtain an explicit downward
dispersion of the resonance with increasing peak width
upon increasing energy [Fig. 3(b)]. At 18 meVand 19 meV,
we have to use a single Gaussian peak function to fit for the
broad and weak intensity. The energy dependence of the
integrated intensity from fitting functions is present in
Fig. 3(c). The resonant peak is even sharper compared to
that in the energy scans and clearly resolution limited.
The spectral weight is conserved for nearly identical areas
of the negative and positive parts. Figure 3(d) shows the
order-parameter-like intensity gain for the resonance at
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FIG. 3. (a) and (b) 2D color mapping and 3D sketch picture of
the spin resonant mode obtained from Fig. 2(c), where a clear
downward dispersion is found. (c) Integrated intensity differences
between T ¼ 8 K and 40 K from 3 meV to 22 meV. The shadow
regions suggest similar areas for the intensity gain and loss.
(d) Temperature dependence of the spin resonance at E ¼
17 meV and Q ¼ ð0.5; 0.5; 6Þ after subtracting a constant back-
ground from 35 to 50 K. The arrow marks the Tc ¼ 33.5 K. The
horizontal bar shows the energy resolution of spectrometer, and
all dashed lines are guides to the eyes.
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FIG. 2. (a) Spin resonant peak as shown by the difference
between T ¼ 8 K and 40 K of energy scans at Q ¼ ð0.5; 0.5; LÞ
with L ¼ 1 ∼ 10. (b) L dependence of the intensity gain at E ¼
17 meV and the intensity loss at E ¼ 6 meV in the super-
conducting state. The solid lines represent the square of magnetic
form factor jFðQÞj2 after normalizing to the intensity. (c) Con-
stant-energy scans of the intensity difference between T ¼ 8 K
and 40 K along the ½H;H; 6� direction from E ¼ 10 meV to
22 meV. All data are shifted by a fixed step for clarity. The solid
lines are two-Gaussian-peak fittings, where the data from 18 meV
to 20 meV is only fitted by single Gaussian peak. The horizontal
bar shows the energy resolution of spectrometer, and all dashed
lines are guides to eyes.
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E ¼ 17 meV and Q ¼ ð0.5; 0.5; 6Þ, which decreases upon
warming up and ceases at Tc ¼ 33.5 K.
We further summarize the dispersion of spin resonance

and compare with the momentum dependence of ΔtotðQÞ
from ARPES results [70] in Fig. 4(a). Here, Δtot actually
has different magnitudes at several incommensurate wave
vectors Q� d along the ½H;H� direction, where the
incommensurability d is determined by the mismatched
radiuses

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2h − r2e
p

[44]. Although an hourglasslike shape
of ΔtotðQÞ qualitatively scales with the downward
dispersion of the spin resonance, the overall resonant
intensities are clearly above Δtot for most of Q positions,
where we could not identify the incommensurability of
those resonant peaks above 18 meV for their weak
intensities and broadening widths. Such results are appa-
rently inconsistent with the spin-exciton picture under s�

pairing [29–31]. The resolution-limited peak width of
energy dependence together with downward dispersions
cannot be explained by the sþþ-pairing picture [32,34,35],
either. Only when the system is proximate to the magnetic
quantum critical point (QCP), sþþ pairing may give a sharp
peak of χ00ðQ;ωÞ above Δtot [35]. However, KCa2Fe4As4F2
has a hole concentration similar to the overdoped
Ba1−xKxFe2As2 and certainly far away from a magnetic
instability or QCP [40,66,67], as electron dopings from Co
or Ni substitutions cannot induce any magnetic orders but
only suppress the Tc [73]. We give a direct comparison
between the resonant energy ER and Δtot together with
other FeSCs in Fig. 4(b) [12,15,39], here we use Δtot ¼
13.2 meV (β2 þ δ), 10.9 meV (αþ δ), 9.4 meV (β1 þ δ),
respectively. For all cases, we have ER=Δtot > 1. Neutron
scattering on the powder sample of another 12442-type
FeSC CsCa2Fe4As4F2 (Tc ¼ 28.9 K) suggests a spin
resonance at ER ¼ 15 meV [74], and μSR experiments
give two superconducting gaps ΔL ¼ 7.5 meV and
ΔS ¼ 1.5 meV, resulting in ER=Δtot ≥ 1, too. Apparently,
the large ratio of ER=Δtot makes the 12442-type FeSCs
different from other systems, where the scaling of
ER=Δtot ¼ 0.64 holds for most compounds.
Regardless of the abnormal ratio of ER=Δtot, the observed

spin resonance in KCa2Fe4As4F2 at Q ¼ ð0.5; 0.5Þ [or
ðπ; πÞ] shares many commonalities with cuprates [10,11,
18]. First, the resonant energy ER ¼ 16 meV gives a ratio
ER=kBTc of 5.5, larger than those other FeSCs [Fig. 1(e)]
[41]. Together with CsCa2Fe4As4F2 and the 112-type FeSC,
such a ratio in these materials with 2D spin resonance seems
to follow the relationER=kBTc ¼ 5.8 in cuprates [12,41,74].
Second, the 2D nature of the resonant intensity directly
responds to the anisotropic superconductivity similar to that
in cuprates [11,42,43,68,69]. Because of weak intrabilayer
magnetic interactions, a splitting for the odd and even
L-modulated resonant modes as found in CaKFe4As4 and
underdoped bilayer cuprates does not appear in this
compound [10,39]. Finally, the downward dispersion of
the spin resonance mode intimately resembles the lower
branch of the hourglass type of spin excitations in hole-doped
cuprates [8,10,11]. It should be noticed that a small d-wave
gap (< 2 meV) may exist in KCa2Fe4As4F2 as shown by
other measurements [75,76], but it cannot cause a downward
dispersion of the resonance at high energy. For reference, in
the heavily hole overdoped KFe2As2 with possible line
nodes in the gaps, the spin excitations are incommensurate
both at the normal state and superconducting state [77,78].
Furthermore, in a heavy-fermion compoundCe1−xYbxCoIn5
with multiband d-wave pairings, an upward-dispersing spin
resonance has been revealed, opposite to the case in cuprates,
which is argued to be induced by the strong couplings with
the 3D spin waves through the hybridization between
localized and itinerant electrons [79,80].
In conclusion, the emergence of a 2D spin resonant mode

with downward dispersion above Δtot in KCa2Fe4As4F2
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on two Fermi pockets linked by longitudinally incommensurate
wave vectors Qþ d and Q − d. The horizontal bars are the peak
width obtained from Fig. 2(c). The shadow areas mark the size of
electron pocket at the M point [44]. (b) The ratio of ER=Δtot in
12442-type FeSCs and other compounds. Here, we use three
values of Δtot for KCa2Fe4As4F2 [Δtot ¼ 13.2 meV (β2 þ δ),
10.9 meV (αþ δ), 9.4 meV (β1 þ δ) from ARPES results], and
two values for CsCa2Fe4As4F2 (ΔL þ ΔL ¼ 15 meV and
ΔL þ ΔS ¼ 9 meV from μSR results).
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deeply challenges the common understanding of the
resonance modes as magnetic excitons regardless of under-
lining pairing symmetry schemes. Along with previous
results like Ce1−xYbxCoIn5 [79,80], these counterexamples
suggest the spin-exciton scenario of the spin resonance may
not be appropriate, when the local moments and itinerant
electrons are strongly coupled in the multiband unconven-
tional superconductors. Further theoretical and experimen-
tal investigations on the origin of the spin resonance are
highly desired in these fascinating compounds concerning
the dimensionality of electronic behaviors, and it will
certainly inspire the quest for a universal mechanism of
the magnetically driven picture of unconventional super-
conductivity.
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